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A PHOTOCHEHICAL STUDY OF THE KINETICS CF THE REACTIONS OF NH^ 

WITH PHOSPHINE, ETHYUI^ AND ACETYLENE 
USING PUSH raOTOLYSIS - USER INDUCED FLUORESCENCE 

by 

S. R. Bosco 

Planetary modelers attempted to explain the abundance of ammonia 
in the Jovian atmosphere despite its ready photolysis. Modelers argued 
that thermal processes are inadequate to totally compensate for 
photochemical and chemical ammonia loss and considered ammonia coupling 
reactions with other atmospheric constituents to provide ammonia 
reservoirs. The rate constants for the potentially Important reactions of 
NH^ radicals with phosphine, acetylene and ethylene were measured to 
provide modelers data which were unavailable or over which there was 
controversy. Additionally, the coupling reaction with phosphine was 
studied because phosphine was thought to generate PH^* * precursor of 
which was a possible source of coloration of the Great Red Spot. 

The flash photolysis method for the production of NH^ radicals and 
the laser-induced fluorescence method for radical detection were chosen 
because of the high sensitivity this technique affords especially under 
the temperature and pressure range at which the study was conducted. Care 
was taken to ensure that secondary reactions and reaction with 
photochemical products did not interfere with the results. 

The result for NH ♦ PH^ was k = ( 1.52±C. l6)x'iO”^^e-(928i56)/T 
cm^ moiec”^ seo”^ over the range 218-^56*K and was pressure independent. A 
EE30/Activated Complex Theory calculation of the pre-exponential factor of 
a bent P-K-N activated complex was within a factor of of the measured 

♦ C.Hj, from 25C-ii65‘’l< and 5-* 00 tcrr total 
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valu'^. The result for Nr\ 


r / 


pressure was k * om^ molec“^ stc“\ At 

465*IC and 5 torr, the ethylana reaction showed a drop in rate indicating a 
possible adduct forming channel. The NH^ ♦ 02^2 241-463*K and 

5-100 torr total pressure was found to be pressure dependent and the high 
pressure limit was k * (1 . I1±0.36)x10“^^e-(1852±100)/T cm^ molec"^ sec“^. 
The rates of NH^ with acetylene and ethylene were compared with those from 
other studies. 

It was determined that the rates of reactions studied were too 
slow to be significant as ammonia reservoirs in the Jovian atmosphere. The 
results provide modelers with data relevant to the Jovian atmosphere upon 
which to base future models. 
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CHAPTER I 
INTRODUCTION 

A. PUnttary Agptcta - Th« Jovian Atwotphtrt 
1. Juplttr 

About 4.5 billion ytars ago. a cloud of intaratallar gaa began to 
condansa under gravitational attraction to form the aun, planata, and minor 
bodies that comprise our solar system. Vfhile no single mechanism for the 
formation of the solar syster is universally accepted, it is generally 
acknowledged that solar bodies all condensed from this sclar nebula and, 

■I 

consequently, had the same initial composition. 

About 99 . 9 s of the solar nebular mass formed the sun; of the 
remainder, nearly 70S became the planet Jupiter. The imensity of the 
Jovian mass takes on additional significance when one considers that, had 
Jupiter's mass been just a few times its current value, gravitational 
contraction would have continued to raise the planetary core temperature 
until self-sustaining nuclear reactions could ignite.^ The sun and Jupiter 
would nave become a binary star system with grave implications for life on 
earth. 

Besides its immense size, Jupiter's unique coloration, turoulent 
atmospnere, and system of oroiting bodies have piqued man's curiosity as to 
its composition and structure, 'jsir.g an early telescope, lalileo, in 161C 
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discovered the four major satellites of Jupiter. His correct interpretation 
of their motion as bodies circling a center other than earth became the 
foundation of the Copernican arguments leading to modern astronomy.^ 
Subsequent telescopic observations led to the identification of unique 
colorations in Jupiter's atmosphere called bands and zones. The most 
distinct and long-lived of these was the Great Red Spot which was first 
observed by Robert Hooke in 1664. 

Man's desire to know more about Jupiter and its atmosphere and the 
potential for applying this knowledge to terrestrial meteorology prompted 
several fly-bys of the planet by unmanned spacecraft. Pioneers 10 and 11 
were the first terrestrial spacecraft to make close observations of 
Jupiter. More recently, Voyagers I and II, as part of their spectacular 
information gathering mission to the outer planets, have added immeasurably 
to our knowledge of Jupiter and its satellites. These close observations, 
together with earth-based measurements, have provided a more detailed 
picture of the planet's atmosphere than previously available, yet leave 
unanswered many questions as to the dynamic relationships of the 
constituents of Jupiter's atmosphere. 

2. The Jovian Atmosphere 


a. Structure 


Models of Jupiter predict only the possible existence of a solid 

a 

core or surface. This core is described as being about the size of the 

a 11 

earth and exists under a pressure of about ic atmospheres (atm) at about 
3C,000*K.^ Above this core, pressures and temperatures decrease slowly 
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with increasing altitude in dense oceans of liquid heliva and liquid 
metallic hydrogen. At about 70.000 lea from the planetary eent«r. uhere 
temperati^es have dropped to below lOOCf K. an ocean of liquid molecular 
hydrogen gives way to a gaseous atmosphere in which pressures deorea>se with 
increasing altitude ffon about 100 atm. to the high vaouia of space and 
temperatures fall to as low as li(f K before climbing gradually to about 
85(fK in the Jovian thermosphere.^ 

It is just below this inflection point in the temperature versus 
altitude profile that the visible Jovian cloud layers are foiaid and it is 
in this region that some of the most significant photochemistry of 
Jupiter’s atmosphere might occur. Cloud layer composition has never been 

7 

verified by direct measurement, but rather has been inferred from models' 
based on the temperature.altitude profile of species whose presence on 
Jupiter has either been verified or which are consistent with solar-norm 
ratios. The uppermost cloud layer is vrtiite and is thought to be composed of 
ammonia crystals. Below this, a cloud layer, possibly of NH^SH, varies in 
color from yellow to brown. The deepest layer, which is thought to be an 
aerosol of aqueous ammonia solution, is bluish. Temperatures in this layer 
reach about 300 ° K. 

The Jovian atmosphere is undergoing dynamic vertical and horizontal 
motion. Cooler regions called bands and hotter ones called zones move 
across the face of tne planet at horizontal velocities of up to 125 m/sec.^ 
Adjacent bands may move at nearly equal velocities, but in opposite 
directions. Apparent vertical motions, driven by the hotter interior, could 
serve to mix the components of the atmospheric layers, further complicating 


Jovian meteorology. 
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b. Composition 

Eleeause of its anormous mass and consequent high gravitational 

field, Jupiter is presuaed to have retained all of the elements in their 

original proportions (called the solar norm) that condensed to form the 

q 

planet frcm the solar nebula. If the mean molecular velocity of an 

element exceeds about 20S of a planetary escape velocity, that element will 

be lost to space in about 10^ years. The smaller planets, such as the 

Earth, with their weaker gr&vitational fields, lost their hydrogen and 

heliua early in their history, whereas Jupiter retained these species. 

While hydrogen and helium are the most abundant constituents of the 

Jovian atmosphere (comprising over 99$ by mole fraction), several more 

photochemically interesting minor constituents, listed in Table 1, have 

been identified in recent years. The theoretical relative abundances 

predicted in Table 1 are based on an assumed solar norm composition. These 

predictions are applicable to the region Just above the cloud layers where 

the temperature is about 150*K and the total pressure is around lO-iOO 

torr.^^ This area constitutes the bottom of the Jovian stratosphere. 

In current models, the methane concentration remains relatively 

high in a r^ion from the cloud layers upwards for abcut 100 km. In 

contrast, the ammonia concentration falls off rapidly with increasing 

altitude mainly because of the lower NH^ vapor pressure at the cold 

temperatures found in the lower stratosphere. For example, at about 100*K, 

the vapor pressure of ammonia is about 10 torr, while that of methane is 
12 

about 100 torr. The excess ammonia condenses out from the vapor when its 
concentration exceeds the saturation vapor pressure. 
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Composition Hodel of the Jovian Stratosphere 


Species Mole Fraction Species Hole Fraction 


H 


2 


He 



.90 

‘^2»6 

3x10 

.10 

S«2 

5x10 




- 

7x10 

PH3 

5xl0' 

2x10"^ 

<^2»4 

2x10' 
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3* Hod«llng the Jovian Atmosphtrt 

a. Description of a Planetary Hodel 

Atmospheric models are based on the composition and chemical 

behavior of the constituent species and the indigeno'S meteorological 

conditions. Some models are concerned primarily with transport i^enomena on 

a global scale; these are based on complex, three-dimensional models and, 

because of the large nunber of variables already involved, make it 

difficult to include parameters for the discrete chemical behavior of the 

constituents. In an alternative approach, a one-dimensional otodel has been 

employed in which only vertical diffusion is considered and which does 

include detailed chemical reaction information. 

Bulk transport for each of the i minor species included in this 

14 

model can be described by the continuity equation : 

(1) MOq/3t) - a/3x{Kj^M(3f./3z)} = - 4 

idiere 4 fraction of any minor constituent i ; and 4 

chemical production and loss rates, respectively: M is the bulk atmospheric 

density; z is the altitude, t is time, and is the altitude dependent 

2 

eddy diffusion coefficient for i in cm /sec. Most workers do not consider 
short term temporal effects such as diurnal variation in this model, and so 
3f^/3t 3 0. 
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i. lhe Eddy Diffusion Cosffieitnt, 

Physical transport prooassas can involve aixing by turbulanoa or by 
molaeular diffusion. Holaeular diffusion is gtnarally ignored in applying 
this model to the terrestrial stratosphere;^^ this factor is similarly 
dismissed here on the basis that, in the dense Jovian lower stratosphere, 
molecular diffusion would be even less important. 0ne><4imensional vertical 
mixing is limited, therefore, to turbulent mixing called eddy diffusion. 
is empirically determined based on the vertical distribution of a diffusing 
specie. 

ii. The Rate of Photochemical Production and Loss 

The low temperatures of the upper Jovian troposphere and lower 
Jovian stratosphere make molecular reactions, vdiich generally have 
significant activation energies, negligibly slow. Reactions involving 
radical species have low activation energies and may, therefore, be 
potentially important under these conditions. Explanations for the rate of 
production of radical species revolve around solar-rad iatlon-induced 
photochemical reactions . 

In general, when a molecule absorbs raoiation, the absorption 
process obeys the Beer-Lambert Law, equation (2) . 

(2) ln(I/I^) s -ccl 
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This law statas that the logarithm of the fraction of light absorbed by a 
species is directly proportional to the concentration of the absorbing 
species, c and the length of the path of the light through the absorbing 
species, 1. The proportionality constant c, called the absorption 
coefficient, depends on the nature of the ^sorbing species and the 
temperature at which absorption occurs. If the absorption or attenuation of 
the radiation is altitude-dependent, then the differential form of the 
Beer-Laabert Law at a fixed wave number, 

(3) 3I/al = -lec 
is more appropriate. 

To quantify the photochemical production process, the 

1 18 

photodiS 50 ciation coefficient. J (sec ). is defined by 


(4) J s 7 ^-I^dv 

0 V V 

where I- is the intensity of radiation at a given waveninber. v» in quanta 

—2 <-1 2 
cm ^ sec ; 9 . the absorption cross section, is e expressed in units of cm 

molecules'^; is the quantum yield for the process at v, veiere the 

quantun yield refers to the number of molecules dissociated per photon 

absorbed. Tne rate of formation of radical species i by a photochemical 

process which enters equation (1) as P, , is determined by multiplying j by 

the concentration of the species from which i is pnoiocnemically formed; 

similarly, if a species is consumed , it enters equation (1) as a loss 


9 


ORIGINAL PAG;E IS 
OF POOR QUALITY 


ill .The Retes of Chemioal Kinetic Production and Loaa 

Chemical processes have been suggested to explain the rate of 
consumption of certain of the minor constituents of the upper Jovian 
troposphere and lower stratosphere via the reaction with photoohemioally 
produced radical species. In order to formulate an expression for the rate 
of a reaction, it is first necessary to have some idea of how the reaction 
occurs. Some reactions are complex; that is, they occur by a series of 
steps. Others, called elementary reactions, occur in a single step. 

Vfhether elementary or complex , reactions can be categorized by 

their order and their molecularity. The order of a reaction is an 

experimentally determined quantity and is the sum of the exponents of all 

species appearing in a mathematical expression of the rate of the reaction 

called the rate law expression. Proof that a reaction is of a particular 

order consists of showing that it obeys the rate law expression 

characteristic of that order . The molecularity of a reaction is the nuaber 

of distinguishable reactive particles which come together to form a complex 

that directly gives rise to the products. For an elementary reaction, the 

19 

order and molecularity are the same. 

Chemical reactions can also be categorized either as metathetical 
or adduct forming. Metathetical reactions include those in which atom 
transfer occurs and can be described by the general equation: 

(5) A ♦ BC * AC ♦ B 


The rate of this elementary reaction (which is identical with the rate 


loss 


of A or 3C, s -5CA]/;-t or s -3[5C]/3t) is proportional to the 


- .1 . . .. J... L^^IJ! -4-.^u.-.MP^pppipj.4iyL^ 

10 

concentrations of both A and BC, written [A] and [BC]. This rate oan be 
represented by the rate law expression: 

(6) * Lg^, « k[A][BC] 

tdiere k is the constant of proportionality called the rate constant. Ihe 

t 

reaction in this case is second order and bimolecular. 

If an adduct is formed as a result of the collision of A and B« a 

somewhat different treatment is required. Equations (7) through (9) 

« 

describe a situation in vAilch the excess vibrational energy in AB must be 
removed by colllsional transfer to some third body, M, so that a stable 
product can form. Otherwise, the excited intermediate will decompose via 
vibration to give A and B back again. 

(7) A ♦ B ♦ AB* 

(8) AB* + M ♦ AB ♦ M* 

(9) AB* ♦ A + B 

Equations (7) through (9) describe the process whereby A and B are 
lost from the system and, therefore, equation (10) can be written: 

* 

(10) L^g» = kg[AB*][K] ♦ k^[AB*] - k^tA][B] 

where the minus sign is used for tne process by which AB is fcnned. Since 

■ 

AB is an unstable intermediate witn a presixned snort 


lifetiffle, its 
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conotntration should Otooot oonstant and hanoa tha staady stata traatmant 
20 

can ba appliad: 

(11) L^g» a 0 
Solving for [AB*], 


(12) [AB»] a 


k^CA]CB] 

kgCM] ♦ 


Tha rate of consunptlon of A (or B) can ba described by: 


(13) Rata a * Lg « kgCAB»][M] 
and, s\A>stitutlng for [A6 ] from (12), 


(14) Rata s L, 
A 


kgk^[A]CB][M] 
* ^B * kg[M] ♦ kg “ 


In order to probe the possibility of adduct formation, it is 
necessary to examine the reaction rate over a range of pressures. At low 
pressures, where kg[K] « equation (14) becomes: 


9 9 kgk CA][B][M) 

and the expression shows a third order kinetic rate law. Wnen pressures are 
nign and kg[M] » k^, equation (14) becomes: 


I 
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116) L* . L* . yA)[B) 
and aaeond ordar klnatics apply. 

In althar tha matathatleal or adduoc foming oasa, if A and B ara 
consuaad, tha prooaaa antara aquation (1) aa an tara for A and/or B. 
Convaraaly, if a product la fonnad (eg.. AC In tha matathatleal caaa or AB 
in tha adduct caaa). It antara aquation (1) aa a tarn for althar AC or 
AB. 

b. Tha Anaaonla Paradox 


lha compoaltlon of a planetary ataoaphara raaalna relatively 

conatant with altitude unlaaa dlaequlllbratlng loan or production procaaaaa 

auch aa photolyaia or chaoileal reactlona occur or an iaotherm la reached at 

which condanaatlon can occur. Hodala of tha aononla concentration in tha 

Jovian atmoaphara place ita abundance at tha aolar norm, yet amBonia la 

presvaad to be readily photolyzad by tha ultraviolet coaponant of aolar 

21 

radiation In tha Jovian atratoaphara to form hydrazine. N^H^, by 

(17) NHj ♦ hv * NHj ♦ K 
followed by: 

(18) NHg ♦ NHj M ♦ N2H^ ♦ M 

wnere H is any third booy aolecule or atom wr.icn absorbs excess energy. In 

51 

fact, Atreya et al." argue tnat , during tne course of aoout 6C atllion 
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y««r«, all of tha Jovian aoMonia atwuld hava baan oonvartad to hydrasina by 
raaotion ( 18 ) and aubsaquantly, to nitrogan and hydrogan through N2HH 
photolysis and N2H2 daoocaposition in tha lowar stratosphara and uppar 
troposphara. In addition to tha diraet photolysis of hydrszina to giva N2H2 
and H2« this can occur via tha saquanoa: 

( 19 ) N2H^ ♦ hv * ^2^*3 ♦ ** 

( 20 ) H ♦ N2H^ ♦ N2H2 ♦ 


(21) H ♦ NjHj - N 2 H 2 ♦ Hj 


Both sequancas may ba followed by thermal decomposition of ^2^2* 


( 22 ) N2H2 ^ N2 ♦ H2 

I:i view of the reactions described, it is significant to note that no 

molecular nitrogen has been detected on Jupiter. 

Hodelars have attempted to explain tha anomalously high ammonia 

abundance in light of the potentially significant photochemical loss 

21 

processes cited above. Atraya et al. contend that: 

(23) NH 2 H > M - NH. ♦ M 

accounts for the recycling of about 33s of tne NH2 back into NH,. while 
22 

Strobel estimates that about 62 i of the NH2 radicals are so converted. It 
IS evident that reaction (23) by itself cannot account completely for the 


14 


stabilisation of tha anonia oonoantration. 

In addition to photoohamioal prooasaas, thamal raganaration of 
amoonia in tha Jovian intarior and rapid upward vartioal transport 
P'"Ovassas may aooount for a aifnifioant part of tha aamonia raganaration. 
Atraya at al.^^ in summarizing likaly ammonia raganaration prooasaas, 
inoludas ona in whioh hydrazina producad by raaotion (18) oould oondansa 
out of tha Jovian stratosphara and ba transportad downward to tha hottar 
lowar atmoaphara. Thara, can ba tharmally diaaoclatad by: 

( 2 «*) ^ 2NH2 

Tha subaaquant raaotion of NH^ with hydrogan can raganarato aoncnia at high 
tamparatura by: 

(25) NHj ♦ Hg ♦ NHj ♦ H 

In addition, if N2 wara availabla tha complax raaotion: 

(26) 3H2 * 2NH^ 

can alao occur at praaauraa of about 3000 atm. Ammonia producad would than, 
preatxnably, ba transportad upward to ranaw tha eycla. 

Both of thasa thermal neehanisms raly on tha formation of hydrazina 
by reaction (13) and, tharafora, any process which inhibits reaction (13) 
could limit tha significance of thasa mechanisms in tne ammonia 
raganaration schema. In fact, however, there is currently no evidence to 
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•Itticr support or dlsorodlt tht tupposition that «Monia la gantratod in 
tba intarlor of tha Jovian ataoaphart. 


c. Poaalbla Amronla Raiarvolra on Jupitar 

Savaral modals hava baan proposad t^ioh involva ooupllng raaetiona 
of tha NH2 radical with othar ninor spaclas which ara prasant in tha Jovian 
atnosphara. lhasa raaetiona could provide raaarvoira for anaonia or halp to 
explain tha raganaration of anmonia in Jupiter's ataosphara. 

Strobal,^^ for axaeipla, auggaatad that a coupling oould exist 
batwaan NH2 and phosphine, to raganarata NH^ by: 


(27) NH2 ♦ PHj ♦ NHj ♦ PH2 AH* • -2A koal/oola^^ 


This particular raaotion is significant for yet another potentially 
important reason, PH2 radicals can disproportionate to give PH^ and PH 
according to tha machaniaa proposad by Norrish and Oldarshaw.^ PH radicals 
combine to give P2 and H2, and P2 can lead to P^, rad phosphorus. Mnn and 
Lawis^^ suggest that P^ is tha red chromophora which may be responsible for 
tha characteristic color of Jupiter's Great Med Spot. If reaction (27) is 
fast enough, it might account for PH2 in Jupiter's stratosphere thus 
providing a source for both P^ formation and the regeneration of aoimonia. 

Other reactions that may be important in explaining the consumption 
or regeneration of aauaonis are: 


L. 


i 
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(28) 

NHg 

♦ CgHj 

(iJ) 

NHgCgHj 



or 

♦ 

NH, ♦ C 
3 > 

(29) 

NH 2 

+ C2H^ 

(M) 

NH2C2H^ 



or 

♦ 

NH, ♦ C. 

(30) 

NH2 

♦ CH^ 

♦ 

NHg 4- CH 


» 22.6 kcal/molt^** 

AH|jg a -5.1 kcal/mol«^^’’^ 
AH|gg s 1.5 kcal/mole^'* 


Reaction (28) Is considered In light of the discovery that 

27 

acetylene was found to scavenge PH 2 radicals. ' NH 2 radicals night, 
therefore, be presuned to react In an analogous fashion. 

Schurath et al.^^ examined the reaction products of the photolysis 
of a mixture of ethylene and ammonia by radiation of 206.2 nm. They 
concluded that ethylene Is scavenged by NH 2 radicals and Identified 
ethylenedlamlne as one of the products of reaction (29) and the subsequent 
reaction : 


(31) 


NH2C2H^ ♦ 


NH, 


(M) 


C2H^(NH2)2 


In addition to the reaction of NH 2 with ethylene, Schurath et al. reported 
that hydrogen produced In the photolysis of was quickly scavenged by 


C 2 Kj^ to give 
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(32) H ♦ CjH^ CjHg 

Th«y furthtr identlflvd butylanine, ethylamlne, and butane among the 
reaction products which they attributed to the reactions: 

(33) NHjCjHjj ♦ CgHg C^HgNHg 

(34) NHj ♦ CjHg Nh2C2Hj 
and (35 ) C2H5 ♦ C2H5 C^H,q 

The substantial methane concentration projected in the lower JOvlan 
stratosphere and upper troposphere where NK2 is formed and the 
thermochemical neutrality of reaction (30) require that reaction (30) also 
be considered. 

B. NH^ Photochemistry and NH2 Reaction Kinetics 
1 . Introduction: The NH^ Molecule 

Ammonia and its photochemical transformation into the amidogen 
radical, NH2. are central to all of the reactions involved in the ammonia 
paradox. The acsnonia molecule has a trigonal pyramidal geometry. The H-N>H 
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bond anglt Is 107.8* snd tht NH equillbrluB bond dlstsncs is 1.0173 
Tht MH^-H bond dlssoeistlon onsrgy is 98.85 koal/aols.^ 

Watansbe^^ measured the ^sorption spectrum of ammonia (Fig. 1) in 
the vacuum ultraviolet from 110 to 220 nm. He determined that, above 140 nm 
the absorption coefficient reaches a maximum of about 560 atmT^ om'*\ base 
e, 0*C at about 195.0 nm and falls off to about 220 atm*^ cm~\ base e, 0*C 
at around 205.0 nm. Absorption falls off further at longer wavelengths and 
aononia is virtually transparent above 230 nm. 

The absence of rotational fine structure in vibrational bands of 
the NH^ absorption spectruo indicates rotational predissociation. 
Predissociaticn occurs when the discrete levels of one state overlap the 
continuum of a state in which dissociation occurs. Provided the 
restrictions of certain selection rules are met,^^ the molecule can cross 
over to the continuum and dissociate. If predissociation occurs faster than 
the vibrations occur, no vibrational structure is observed. If no 
rotational structure is observed, as in the anmonia case, then 
predissociation is similarly competitive with rotational time (-10''^^ sec). 
Predissociation in-iicates a high primary quantum yield for the photolysis 
of ammonia. The primary quantum yield is defined as the number of molecules 
dissociated per photon absorbed. 


Figure 



WAVELENGTH (nm) 
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2. NH^ Photochemistry 

Annonis is photolyzed by vacuus ultraviolet radiation to give NH2« 

32 

NH, H, end H2 various electronic states depending on wavelength. Okabe*' 
has discussed the most important processes involved: 

Threshold Wavelength 

(36) NHj f hv ♦ NH2 (x + H 280.0 nm 

(37) HHj ♦ hv ♦ NH (a 224.0 tm 

and (38) NHj ♦ hv ♦ NH (x ^t“) ♦ 2H ’*‘7*0 

where the parenthetical symbols describe the spin value, angular mcmentum, 
and syanetry of the electronic state. The x state is the ground electronic 
state . 

Process (36) is the major primary photochemical pathway for NH^ 

photolysis between 122.0 nm and 220.0 nm.^^ Photolysis energies of 101 

kcal/mole cr greater are required for this process to occur The primary 

quantum yield for process (36) was determined to be nearly unity at both 

34 oq 

the Hg 184.9 nm and I 206.2 nm lines."’ Process (3?) has a reported 

primary quantvxn yield of 0.005 and 0.04 at 206.2 nm and 184.9 nm 
32 

respectively and therefore, may be considered to be of minor importance 
at these wavelengths. Photolysis by radiation at wavelengths below 140.0 nm 
results in higher yields of NH due to processes (57) and ( 38 ). 
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Th« prtstnoe of mtthan* In th« Jovian atratoaphera aiaplifiaa tha 

photochamlatry of annonla. Tha high mathana abaorptlon ooafflolant for 

radiation balow 160.0 nin^ couplad with tha algnlfleantly hlghar mathana 

eonoantratlon, anauraa that mathana will abaorb moat of tha aolar radiation 

balow 160.0 nm In tha atratoaphara of Jupltar. Ihua, It la naeaaaary to 

conaldar only tha photochamlatry of ammonia at wavalangtha graatar than 

160.0 nm, aince ammonia la mora danaa in tha uppar tropoaphara. It la than 

poaalbla to conaldar the photochamlatry of mathana and ammonia aaparately 

21 

aa auggeated by Atreya at al, . Bacauaa mathana ahlalda ammonia from moat 
of the radiation balow 160.0 nm ao affactivaly, it ia avldent from the 
foregoing dlscuaaion that the only primary procaaa of importance In Jovian 
photochamlatry ia reaction (36). In thia caaa, NH^ is produced almoat 
exclusively in ita ground electronic atata.'^ 

3. Tha NHg Radical 


a. General 


2 

Tha ground atate for tha planar NH2 radical haa an (x B^) 
electronic configuration. The N-H bond dlatance ia 1.024 A and the H-N-H 
bond angle ia 103.4“^® Tha bond diaaociation energy for NH-H ia < 90 
kcal/mola 

Tha firat excited state of NHg (X lies 31.7 to 66.4 kcal/mole 

40 41 

above the ground state. Dressier and Ramsay were the first to 
positively identify the fluorescent emissicn from NH^ (X ^A^) produced by 
the flash photolysis of ammonia. 

^ p 

The NH, 'A *A.) fluorescent signal can be used in NH, Kinetic 

t. i. 
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studies to monitor the relstivo NH 2 oonetntration over short time 

intervals. The NH 2 <X radical has a short radiative lifetime (« 8x10'^ 
42 

sec) indicating that an allowed transition the ground state occurs. Xn 
order for this fluorescence monitoring of NH 2 (x * £) to be useful, 
collisions! quenching of the excited state must be understood. This can be 
discussed using the Stern-Volmer treatment. 


b. Stern-Volmer Theory 

If a molecule or radical, A, absorbs quanta of radiation per 
second per cm^ and undergoes a transition to an excited electronic state, 
A*, by: 

(39) A ♦ hv ♦ A* (sec"’ cm"’) 

after which A may undergo fluorescence: 

(40) A ♦ A ♦ hv (sec"’) 

self quenching: 

• -1 -1 

(41) a-*-A« 2A k (concentration sec ) 

d 

or quenching by a non-absorbing foreign gas, H: 

• -1 -1 

(42) A ♦ M • A ♦ M k_( concentration sec ) 

31 
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whcrt k^, and k^ ara tha rata oonstanta for aquations (40) • (41), and 
(42), raspactivaly. 

a 

Assuming steady state conditions for tha oonoantration of A , 

(43) atA*]/at « 0 ■ I, - kf[A*3 - k^CA*)[A) - k^CA*][M] 

and (44) I. = (k- ♦ k„[A] ♦ k„[M)) Ca* 3 
a I q ni 

From (44) and for * k^[A*] 


(45) I = I-(1 ♦ (k /kJCAj ♦ (k /kJCMj) 
a X Q A s X 


Equation (45) shows that, in a given experiment, regardless of foreign gas 
if k^ » both k^ and k^, If quenching is relatively fast as in tha 

current case. 


(46) If 


I 


a 


The Beer-Lambert Law for absorption by A is I s For weak 

X 

absorption, we can expand the exponential term using e s i > x <«• 

and, truncating the expansion after two terms, to give: 


C47) I/I^ S 1 - eCA]l 


or v48) 1 - I/Io X e[A)l 


a 


is tne radiation aosorbec by k ana is clearly proporticnal to 


0 
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Then, 


(49) I, • Io«[A]l. 

is proportional to [A] by (49) and 1, ■ If by (46). lhan 

(50) [A] • If 

Equation (50) states that the fluorescent intensity for the excited 
state. A*. is proportional to the concentration of the ground state under 
the conditions of the above treatment. Since the NH 2 (x (H ^A^) 

transition occurs under conditions where absorption is relatively weak and 
the lifetime of the NH^ (K is short, the NH 2 (X ^A^) fluorescence 
signal is proportional to the concentration of the ground state NH 2 and can 
be used in time dependent (kinetic) measurements when the observed time is 
long compared to the emissive lifetime. 

4. NH 2 In Kinetic Studies 

Kroll ^ investigated the fluorescent spectrum of NH 2 (A A^) 
produced in a flowing system by the reaction of H atoms (produced in a 
microwave discharge) with nydrazine, Fluorescent lines in the NH^ 

spectrun were identified by setting a continuous wave dye laser to the 
approximate wavelength and scanning manually while looking for 
fluorescence. The absorption spectrum of NH 2 was photographed following the 
flash photolysis of NK_. That portion of the absorption and corresponding 
fluorescent spectr\ri observes by Kroll relevant to the present study is 
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prtMfittd in Fig. 2 , Pluor«80«no* lints art grouptd by oooaiai upptr 
rotationsl stats. 

Ont of ths first tiat«rssolvtd lastr induetd fluortsotnot studios 

of ths NH2 radical was ptrformtd by Haneook at NH2 (X 

fluortsotnot was ustd to aonitor tha NH2 (x oonoantration . An NH2 <x 
2 

B^) rovibronio transition caustd by absorption of radiation at 570.3 na 
was ustd to product tha tltotronically axoitad NH2* Ltsolaux at al.'*^ ustd 
a continuous wave dyt lastr to aonitor tha NH2 radical concentration by 
absorption of 597.73 w radiation. In both studios NH2 (x ^B^} radicals 
wort produced by the flash photolysis of NH^ and the resulting tiaa 
resolved decays wart used to atasurt the rata of oonsuaption of NH2 
radicals in their reactions with various species. Hack at al. produced 
NH2 radicals in a flow tube by reacting aafflonia with fluorine stoas 
produced in the microwave discharge of F2. They monitored the NH2 radioal 
concentration by detection of fluorescent radiation when the NH2 radicals 
were evi;ited by 3 kHz modulated 597.7 na radiation. Work by Stief at al.^^ 
on the rate of reaction of NH2 with NO utilized NH2 fluorescence induced by 
the 570.3 nm line of a continuous wave dye laser to monitor the relative 
NK2 concentration. 
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5. nrtvious Studlts of Portlntnt NH2 Radioal Raaotion Rataa 

Data on tha raaotimi rata oonatanta of tha NH2 radioal with othar 
minor spaeiaa prasant In tha lowar Jovian atratoaphara and iq>par 
tropoaphara ara akatohy. In acma caaaa inoompatibla raaulta hava baan 
praaantad . 

Reaction (18): 

(18) HH 2 ♦ NHj ♦ M ♦ N 2 H 4 ♦ M, 

haa baan atudlad by aavaral Inveatigatora^^'^^ however, tha moat 

comprahansiva invaatlgatlon, eapaelally with ragarda to tha praaaura and 

tamparatura dapandanca of this reaction, was performed by Van Kha at al.^^ 

using tha flash photolysis resonance absorption technique. No significant 

temperature effect was found at either the high or low pressure limits. At 

tha high pressure limit, about 1000 torr, the apparent bimolecular rata 

constant is « (2.5 t 1.3) x 10~^^ cm^ molecule'^ sac~^; as the pressure 

approaches zero, tha overall process becomes third order as shown by tha 

general mechanism equation (15) and k^g « (6.9 t 3.5) x 10~^^ cm^ 

2 1 

molecule sec* . 

The rate of reaction (23) 

(23) NH 2 ♦ H ♦ M • NHj ♦ H 

was studied by (tordon et ai.**^ They found » 6.1 x on® molecule"^ 

sec"^ at room teaperacure between 25C ana lOOC torr. Reaction (23) appears 


. f 
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to approach a aaeond order liait at highar than 1000 torr. 

In a atudy of the rata of raaetiona of NH2 radieala with various 
olcfina uaing flaah photolyala to produoa the radloal and dataetion by 
laser absorption, Lasolaux at al.^^ datarainad that, for NH2 ♦ ^2^4* ^9 * 
'2.0xl0“^^ ^-(1.99±. iDxlOOO/T ^3 aolacula*^ sac"' at aroimd 1 ata total 

pressure and between 300 and 500*K. In a later atudy, Khe and Lasolaux 
obtained the same rate constant over a wider range of ethylene pressures 
from 10 - 100 torr and identified tine possibility of a pressure dependence 
in the formation of an adduct. NH2C2H^, at pressures below 10 torr at high 
teaperature only. Because the rate constant was so small, they were not 
able to Resent the low pressure data within acceptable limits of 
uncertainty. 

Hack et al.'*^ studied reaction (29) • >t low total pressure (-1 
torr) in a discharge flow-laser induced fluorescence experiment. In 
contrast to the results of Lesclaux et al. they found a higher rate, k^^ « 
(2.2 t 0.5) X 10"’* cm^ molecule"’ sec"’ over the temperature range 295 - 
505*K. The room temperature results of Hack et al. were nearly an order of 
magnitude above those of Lesclaux et al. and they were temperature 
independent. Although their experiments provide no direct evidence. Hack et 
al. also suggest that the adduct, was formed as a product. 

Both Hack et al. and Lesclaux et al. deed the results of Schurath 

28 

et al. to support their suggestion of a^uct formation between and 

C2H^. Schurath et al photolyzed ammonia using an discharge lamp at 206.2 

nm in the presence of ethylene and performed a product analysis in 

experiments to cetermine the mechanism of reaction (29). 

Only one measurement of the rate of reaction (2S). ■*' ^^^ 2 ' 

^ • “6 

oeen perfornefl. hack et a*. using the same procedure as in their study of 
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HHj and CjH,,, found kjg « 2.36 * 10“* «i^ ■olaouXa"' aao"^ ovar the 

taaparatura rang# 210 - 505* K and at a total praaaura of about 1 torr. 

&) an attampt to maasura tha rata of raaotion of IM 2 with Bathana, 
CH^, only an upper Halt oould ba astabliahad. Dniaaay^^ aatlaatad « 
b X 10“'^ OB^ Bolaoula'^ aao”' at 520* K. 

No dlraot or Indlraot BaasuraBant of tha rata of raaotion (27)* NH 2 
4 > PH^ haa baan parfonsad. Buohanan at al.^^ parforaad a radiolysia of 
aaBonia-phosphina Bixturaa and aatioatad that k 2 ^ ahould hava an aotivation 
anargy of not aora than 2 or 3 koal/aola. Uaing this aatiaatad activation 
anargy, thay suggastad that k 2 j is within ona or two orders of Bagnituda of 
tha rata of biaolacular collisions (• 10“^® oa^ aolaoula*^ sac"' at 29S*K) . 

C. Purpose of this Study 

Tha priaary purpose of this study is to provide reaction rata 
aaasuraaants for reactions of NH^ with soaa of tha other ainor coaponants 
of tha Jovian lower stratosphere and upper troposphere. Particular eaphasis 
is placed on those reactions for which there is no kinetic inforaation or 
for which conflicting or incoapleta rate aeasureaents curreroly exist. 

These aaasuraaants will ba aada under taaparatura and pressure oonditions 
which are as close as axpariaentally possible to those found in tha region 
bounded by the upper troposphere and lower stratosphere of Jupiter. 

Specifically, the rate of reaction (2T). NH 2 ♦ PH^. will be 
measured. This is a potentially important reaction relating the 
photochesistry of ammonia and phosphine, and one for which no direct 
kinetic data are available. Since reaction (28). NH 2 ^ 2 ^ 2 ' 
measured by Hack et al. and then only at ’ torr total pressure, additional 
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data are raqulrad to avaluata tha iaportanoa of thla raaotlon particularly 
at high prassuras. If raaotlon (28) prooaads by adduct formation, than tha 
rata of this raaotlon could ba significantly highar at highar prassuras 
than it is at tha vary low prassura of tha Hack at al. study, lha 
importanoa of datemining tha rata of raaotlon (28) is further enhanced by 
noting that ac>*^ lane Is one of tha products of the photolysis of both 
ethane and ethylene and, therefore, nay be continuously generated In the 
upper Jovian troposphere. 

Finally, there is an obvious need to resolve the apparent conflict 

between the results of Hack et al.'^^ and Khe et al.^^ with regards to tha 

rate of reaction (29), NHg ♦ If reaction (29) were equally fast 

at all temperatures, as the results of Hack et al. Indicate, it might prove 

to be a significant channel for removing NH^ from the colder levels of the 

Jovian lower stratosphere. On the other hand, if the reaction does show a 

pressure dependence as indicated by idle et al., this reaction may be of 

some significance in consuning aomonia in tha upper troposphere where 

■a a 

pressures are considerably higher OO"' - VO torr) . 

The overwhelming requirement compelling this study is the emphasis 

that modelers themselves have placed on the need to deteraine the rates of 

reactions which may help to explain the aononla paradox in the Jovian 
atmosphere and for iHhich either insufficient or unreliable data are 
currently available*^ ' Accurate measurements made as close as possible 
to conditions found in tne lower Jovian stratosphere and upper troposphere 
which meet modeler requests are the goal of this study. 
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CHAPTER 2 
EXPERIMENTAL 


A. Biaolecular Rate Constants and Other Kinetic Parameters 


1. Reaction Rates 

The goal of experiments in this study is to measure the rate of 
reactions (27), (28), and (29) over a range of temperatures and pressures. 
These measurements can then be used to develop mathematical expressions 
from which predictions can be made of the rates of these reactions under 
the wider range of temperatures and pressures indigenous to Jupiter's upper 
troposphere and lower stratosphere. As written, reactions (27), (28), and 
(29) describe elementary processes. The metathetical channels are 
therefore, according to Chapter 1, both bimolecular and of second order. 

The addition channels are termolecular and third order. 

The rate of an elementary reaction can be determined by measuring 
the rate of production of a product or the rate of consinption of a 
reactant. The former method usually involves more difficulty because the 
products of an elementary reaction are very often reactive or the 
concentration of product cannot be followed readily (as in the case of 
iamonia in reaction (27)); tnen, measuring the rate of generation of a 
product is nearly impossible. In the case of the reactions being studied, 
the reaction proaucts fall i.nto one of the categories just mentioned and. 
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therefore, the method used to monitor the reaction rate will be to follow 
the rate of consuaptlon of a reactant. 

The rate of reaction of MH2 radicals with either phosphine, 
acetylene, or ethylene may be expressed by the generalized equation: 


( 51 ) NH2 ♦ X * products 

where X represents PH^, C2H2, or C2Hj^ and will be termed the substrate. The 
rate of this reaction may be expressed as being proportional to the 
concentration of each of the reactants In equation ( 51 ), where the constant 
of proportionality Is the rate constant, k. Thus, we can write: 


-d[NH ] 

( 52 ) rate = ^ 3 kjjj^[NH2][X] 

where k^^ Is the blmolecular rate constant and the bracketed terms 
represent the concentrations of NH2 radicals and substrate, respectively. 
The equation may be further developed by dividing through by [NH2] to give: 

-dCNH 3 

^53) (jt Inh^’ * 

Separating the variables and integrating (where the limits are: [NH,] is 

2 O 

the NH2 concentration at time, t=0, ana CNH2J is the KH2 concentration at 
time, t) gives: 






ORIGINAL PAGc 13 
OF POOR QUAMTY 

If [X] is so Isrgs thst it is tsssntislly invsrisnt during ths psriod ovtr 
which the resotion is observed, [X] msy be trested ss e oonstsnt. All 
constsnt terms osn be tsken out of the integrsl to give: 


[NHj] 


(55) dlnCNH-] 


: k, 


bi 


tst 
[X] / 
tsO 


It 


Integration yields: 


1 


(56) (InCNHj] - InCNHgJo) * -k^^CXlt 

Taking the differential with respect to time gives the working form of the 
equation: 

-dlnCNH.] 

(57) * kjj^CX] 

In effect, the rate of the reaction is now reduced to dependence on only 

54 

NH 2 concentration and the rate is said to be pseudo- first order. Then 
(57) becomes: 


-dlnCNH-] 

and the study of the reaction rate is simplified considerably. 

Reaction (51) may not be the only means by which NHg is consvined. 
If NH 2 radicals are produced, as will later be described in detail, in a 
relatively snail voiune near the center 0 : tne reaction cell, a 
concentration gradient is, tnerefore, set up in the reaction ceil and a 
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mass flux astablishad. The NH 2 radloals thus diffuse out from the volume in 
which they are produced. The rate of this non-reaotive loss of NH 2 radicals 
due to diffusion may be accounted for by: 


(59) « k CNH«) 

dt ^ 2 


where k^ is the rate constant for diffusion. (59) may be rearranged by 
dividing by [NH 2 ] to give: 


(60) 


-dlnCNH2) 


dt * *^d 


Finally, combining the loss terms from (57) and (60) gives: 


-dlnCNH 3 

dt * * *^d 

which gives the overall rate of depletion of NH 2 by both elementary 
reaction (51) and by diffusional loss from the viewing zone. There may be, 
in addition to the above considerations, other processes that contribute to 
the consumption of NH 2 radicals. These processes could complicate the 
kinetic Interpretation of the data, and will be discussed later with 
regards to each specific reaction studied. 


2. The Temperature Dependence of Reaction Rates 

Over 100 years ago, Hood^^ set down an empirical relationship 
identifying the temperature dependence of cne reaction rate constant, k: 
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(62) log k a B - a'/T 

t 

wh«r« A and B art constants and T is tha taaparatura in dtgrtas Ktlvln, 

*K. Van't Hoff^^ first idantifiad tha tamparatura dapandanoa of aquilibriua 

e? 

constants and Arrhanius axtandad his idaas to include an activation 
process to seme intarmadiata configuration as a bridge for relating 
equilibrium constants to rste constants. The Arrhanius expression for tha 
temparatura dapandenca of tha rata constant of a alemantary reaction is 
given by: 


(63) k(T) a Aa’^a''®^ 

where is the activation energy in calories/mole for the reaction (or the 
difference in energy between the reactants and the intermediate 
configuration). A is a constant called the pre- exponential factor having 
the same units as k(T). In classical collision theory. A represents tha 
total number of collisions between reactants par unit time (including tha 
proper gecmetric orientation) which le?d to products. R is tha ideal gas 
law constant, 1.987 cal mola'^ , and T is tha temperature in *K. 

Equation (63) say be expressed in another, more useful form: 

(6«) In k s In A - E^/RT 

Since (64) is in the form of a straight line (y s mx -f b) , with In k and 
1/T as the variables, a graph of In k versus 1/T should also be a straight 
line with slope of -E^/R and intercept of In A. Whether or nOv a straight 
line is obtainec in practice is one of tne diagnostic tools of kinetics 
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because the Arrhenius equation is strictly applicable only to elementary 
reactions. Failure to obtain a straight line may indicate that the reaction 

efl 

w)der study involves more than one elementary reaction.^ 

3. Sumary 

Experimentally, this study is directed towards measuring the rate 
constants, activation energies, and Arrhenius parameters for reactions 
(27), (28), and (29) so that rate expressions for these reactions can be 
developed which are applicable to the range of temperatures and pressures 
found in the upper Jovian troposphere and lower stratosphere. In the 
following sections, the techniques and instrunentation used in making these 
measurements are described. 

B. Experimental Techniques 

The kinetic measurements made in this study utilized the flash 

photolysis technique to produce NH 2 radicals coupled with detection of NH 2 

radicals by laser induced fluorescence. This method was selected because it 

combines several advantages over some other potentially feasible methods 
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considered under the constraints required by this study. Huie and Herron 
recently reviewed flow techniques and flash photolysis techniques and 
discussed their application to direct measurement of the rates of fast atom 
or radical reactions. Various detection methods can be used in conjunction 
with these techniques. 

Flow techniques involve flowing the reacting species down a tube at 
such a rate as to achieve a plug flow anc tc measure the c.iange of 
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oonptntration of a particular raactlva spacias as a function of distanoa 
which is aquivalant to tima. Flow tachniquas hava baan usad with a variaty 
of dataction mathods such as mass spactromatry and alactron spin rasonanoa 
(ESR); also, optical absorption and fluorascanca tachniquas hava baan usad 
to good advantaga in flow raactlons. Mass spactromatry ganarally has a 
lifflitad sensitivity to dataction of transient spacias such as free radicals 
because of the losses incurred in wall collisions and also because of the 
difficulty of introducir^ these species into the mass spectrometer 
ionization chamber. There is a further problem of potential ambiguities in 
the fragmentation patterns of parent molecular species. ESR is useful only 
in detecting paramagnetic species such as radicals, and its sensitivity is 
usually much lower than the other detection methods referred to above. 
Therefore, only the high sensitivity methods for detection of NH^ radicals, 
absorption and fluorescence, will be considered here. 

Howard^*^ points out that the flow discharge technique has produced 
more gas phase kinetic data at 300"K than any other method. Since reaction 
progress can be frozen at a fixed observation point in a flow tube 
experiment, there is no constraint on detection speed of response. The flow 
tube technique has the further advantage of permitting the production of 
two labile reactants in isolation from one another, permitting the direct 
measurement, for example, of radical-radical reaction rates. 

The requirement of maintaining a laminar flow with its high radial 
diffusion and low axial dif .'usion, and tne high surface to volime ratio of 
the flow apparatus, impose certain limitations on the use of the flow 

RQ 

technique in studying the kinetics of radical reactions. In the plug flow 

approximation, radial diffusion is assixned to he rapid. At higher 
pressures, diffusion becomes slow compareo to ax:.al transport and, since 
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th« flow voloolty txhiblt* a parabollo radial ^oflla for laalnar flows, 

• \ 

spaolaa, inoluding radioala, will hava a lowar axial valooity at tba walla 
than naar tha oantar of tha tuba. This limita tha praaaura ranga ovar idiioh 
flow studiaa can ba mada. A aora sarioua prohlaa ralatad to raaidanoa tiaa 
at tha walla ia tha poaaibla ooourranoa of hataroganaoua (wall) raaetiona. 
Tha high aurfaea to voliaa ratio of aoat flow ayataaa axaoarbataa thia 
problaa and oould laad to darivad rata constants whioh ara too high. Vfhila 
coating the flow tuba walla is a cooDon ^aotioa in order to reduce 
hataroganaous reactions, the possibility of interfering wall reactions 
cannot be ruled out. This problaa could be significant especially for slow 
reactions such as those being axaninad hare. 

Tha flash photolysis technique for producing a large anount of a 
transient species such as an atom or radical in a short tioa has both 
advantages and disadvantages.^^ Since the flash photolysis experifflent is 
conducted in real time, fast time response detectors (as low as a 
microsecond) may be required. In addition, the need to selectively 
photolyze the source species but not the substrate places constraints on 
the variety of systems that can be studied using this technique. Flash 
photolysis systems are not, however, limited by the total pressures that 
can be employed; Howard^^ gives a range of 5 torr up to several atmospheres 
for flash systems (versus a range of 'i-lO torr for flow systems). In 
addition, since higher concentrations of reactant species may be used, it 
is often possible to measure smaller rate constants than can be measured 
using the flow technique. The low surface area to volixne ratios of 
reaction vessels useo in flash photolysis experiments minimize the 
contributions due to wall reactions. Finally, the flash photolysis 
teennique has available to it several diagnostic procedures with which to 
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•nalyz* for th« ooourronoo of soeondary raaotiona.^^ 

Rapid dataotlon aathoda auat ba aaployod to monitor radieala 
produead by tha flaah photolysis taohniqua and strong light souroaa ara 
raquirad to produoa suffioiant radiation at a apaoifio wavalangth so that a 
waakly absorbing spacias such as a radical can ba ^sarvad. Tharafora, 
lasar absorption and lasar induced fluorascanca ara tha only aathods that 
will be discussed here. Lasers provide a coherent, nonochroaatic source of 
radiation; dye lasers ara easily tuned over a range of wavelengths in order 
to excite a specific molecular transition or absorption line. In absorption 
systems, tha radical signal is tha difference between tha incident light 
intensity, I^, or background, and tha light intensity after passing through 
the sample, I. Absorption, based on the Beer Lambert Law, is high for high 
concentrations and therefore, at high pressures of absorber, (I^ - I) is 
large and the signal to background, (1^ • D/I^ is large. The absorption 
system shows a much lower sensitivity at low pressures where the signal is 
a snail difference between two large quantities and where the ratio of 
signal to background is small. With flt^rescence mettods, since the 
fluorescence signal can occur at a longer wavelength than that of the 
excitation radiation, there is little or no background interference from 
the excitation radiation. 

The flash photolysis technique for producing NH^ radicals was 
selected over the flow discharge technique because of the need to study 
reactions over a range of pressures corresponding as closely as possible to 
those found in the upper Jovian troposphere and lower stratosphere (5>100 
torr). In addition, the flash photolysis method is more sensitive for 
studying slow reactions, and wall reactions are less significant than in 
the flow systems. The laser inouced fluorescence method was selected for 
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NH2 rtdloil d«t«otion btoaust It it sort Mnsitiva than abaorptlon at tha 
ralativaly low praaauraa at which thia atudy wia parfomad. 

C, Flaah Photolysla 

1. Ganaral 

Tha flaah phrtolysla davica, tha devalopnant of which was pionaarad 
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by Norrish and Porter, provides a method for producing o^'er a vary short 
time span a large amount of energy to be used in generating a transient 
species such as an atom or radical. While early devices were capable of 
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discharging energies of up to 10 Joules in a few milliseconds, refinements 
in instrunentation made possible sophisticated devices capable of high 
flash energies and much shorter flash duration. 

A flash lamp consists of a pair of electrodes which are fitted into 
a chamber and across which a charge is dissipated. The charge is provided 
by c D.C. power supply and stored temporarily by a capacitor that is 
connected in parallel to the electrodes. The energy provided by a flash 
Imnp is given by: 

(65) E * 1/2 CV^ 


where £ is the energy dissipated in joules, C is bhe total capacitance of 
the system in farads, and V is the voltage applied across the capacitor. 
Equation (66) 


1/2 


( 66 ) 


• (LC) 
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us«d to dtUrain* th« flash duration, t, in saoonda frea tha aystaa 
induotanoa, L, and tha total oapaoitanoa, C. 

2. Equlpaant 

Tha flash lamp uaad in this study consists of a 

m 

polytatrafluoroathylana (Taflon ) eylindar housing two tungsten carbida 
tippad alactrodas. Tha oylindar is prassurizad with oocnarcial (Goddard 
Spaca Flight Cantar) grade nitrogen of about 99.99X purity. The electrodes 
are connected to a 4.5 microfarad (mf), 20 kv model ESC 248C capacitor 
system manufactured by Tobe Deutsohmann of Germany. 

Tha capacitor spontaneously discharges when the voltage across the 
electrodes in the flash lamp reaches a critical value called tha breakdown 
voltage. Operationally, breakdown is achieved by first fixing tha nitrogen 
gas pressure within the lamp at a specific value by balancing tha nitrogen 
flow into tha lamp against its removal by a Welch model 1400 mechanical 
pump. At this pressure, the voltage across the electrodes is allowed to 
build up until it exceeds the breakdown voltage. The capacitors discharge 
and the process of charging is repeated. By selecting the rate of capacitor 
charging and the lamp gas pressure, the desired rate of flashing is 
obtained. Typical flashing rates are 2 to 4 seconds between flashes. 

Using equation (65), output energies of 20 to 144 joules per flash 
are calculated for typical charging voltages of 3 to d kv. The discharging 
time for equipment used in these experiments has been calculated^'* to be *1 
microsecond using equation (66). The light plasma generated by the 
discharge capacitor decays more slowly. 

The flash energy is dissipated through the nitrogen gas ana the 
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rtsultlng atoBlo nitrogtn spaotrum for • alallar lanp la provldavl in Fig. 
3. Only a anall fraction of tha anargy diaaipatad ia oonvartad to vaouua 
ultraviolet radiation. 


3. Liaiting tha Flash Laap Output 

Sinoa tha flash laap output (Fig. 3) spans such a broad spaetral 
range, it was naoassary to filter tha laap to ainiaiza tha photolysis of 
phosphine, ethylene, or aeatylana while still providing sufficient spaotral 
radiation for strong absorption by aaaonia. 

Tha absorption spaotrua of aaaonia in tha vacuua ultraviolet is 
shown in Fig. 4.^^ In tha region froa 170.0 na to 210.0 na, aaaonia absorbs 
strongly and NH 2 is produced alaost exclusively in its ground alaetronio 
state, (x B^). Excited NH 2 radicals (K A^) are produced only at 
wavelengths below 16<(.0 na and then, with a quantua yield of less than 
.001^®. Priaary processes: 

(36) NHj MH 2 (x ^B,) ♦ H 

(37) HHj NH (s ^A) ♦ H 2 (^Ij^) 

and (38) NH (J ♦ 2H (^S,/ 2 ^ 

occur in the near and vacuum ultraviolet and, based on the discussion In 
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Chapter 1 , saetion D. 3. , are the only reported {^toinduced reactions 
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which need to be considered here. 

In most of the experiments conducted, an Acton Research Corp. 206.0 
na bandpass filter with 35A peak transmittance and a full width at half 
naximua (FVHH) of AO.O nm, skewed towards higher wavelengths was placed 
over the flash }am^. Thi^ filter passed radiation in a spectral region 
where aomonia absorbed strongly vAiile blocking radiation tdiich would have 
re ulted in the .''roductic.i of HH radicals and electronically excited NH2 
radicals. The filter bandpass is also shown in Fig. M. 

The 206.0 nm bandpass filter not only precluded the formation of 
undesirable aomonia photochemistry products, but also minimized any 
photolysis of any of the substrate gases. This is shown clearly in Fig. 4. 
Acetylene absorbs strongly in the region 155.0 nm; however, absorption 
drops off rapidly at higher wavelengths so that above 195.0 nm, the C2H2 
absorption coefficient is less than 1 atm~^cm'~^ (base e, 296*K). Ethylene 
absorbs strongly up to about 175.0 nm, but its absorption coefficient also 
drops off to less than 1 ata'^cm*^ (base e, 298"K) above 195.0 nm. 

Phosphine absorption falls off at higher wavelengths until it is below 1 
atm^^cm*^ (base e, 298*K) at about 202.0 nm. 

In seme of the early experiments involving ammonia and phosphine, a 
175.0 nm Ditric Optics Inc. interference filter with a skewed frequency 
width at half maximun of -13.O no and -«>25.0 nm was used. 


D. List Induced Fluor« 80 »no» 


1 . Historical 

Lasers have previously been used to study NH^ radical dtemistry. In 

sane early work, Atkinson ' demonstrated the advantages of intracavity 

absorption of a dye laser output as a means for detecting free radicals 

such as MH2 and HCO. Atkinson noted the convenience and sensitivity dye 

lasers afford in their ease of tuning to a particular resonant frequency 

and pointed out the potential applications of the method to kinetic 
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problems. Kroll used a continuous wave dye laser to produce upper 

electronic state NH^ from ground state NH^ radicals and used the resulting 

NH2 fluorescent emission in spectroscopic studies of the NH2 radical. 
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Hancock et al. first applied the resonance fluorescence technique to the 

NH2 radical in their measurement of the rate constant for the reaction of 

NH2 with NO. Since then, several studies have been published In which laser 

Induced fluorescence was used to measure the rate constant for the reaction 
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of NH2 with NO2. NO, and with unsaturated hydrocarbons. 

2 . General 

As discussed in an earlier section, the NH2 radi:al is produced by 
the flash lamp almost exclusively in its ground electror.ic state. By the 
Beer Lambert law, a certain fraction of the NH2 radicals can be made to 
absorb resonant radiation, radiation wnich corresponds to the energy 
difference fer a transition between tne ground electronic state ana the 


upp«r tlftotronio state. Ths NH 2 radicals can emit this absorbed radiation 
by fluorascanoa, sinoa the upper and lower states are of the saae 
multiplicity (a spin allowed transition) Based on the Stern Volner 
argunent presented in Chapter 1, the intensity of the fluoresoenoe is then 
proportional to the number density of NH 2 radicals originally formed. More 
intense radiation sources will cause a stronger fluorescent signal until 
the transition becomes saturated. 

Lasers provide a much more intense source of monochromatic 

radiation (*1x10^^ quanta cm“^ sec“^ for a typical 150 milliwatt output of 

the dye laser used) than is available using atomic resonance lamps (10^^ to 

10^^ quanta cm*^ sec"^ from the 116.5 and 123.6 nm Kr resonance lines at a 
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distance of 2 cm from a spherically shaped Kr lamp)' . Consequently, the 
use of lasers has grown in recent years as a means of producing resonant 
transitions and correspondingly stronger fluorescent emission. 

3. Apparatus 

A continuous wave dye laser is actually a system of two lasers that 
are operated in tandem. A pusp laser is required to provide a monochromatic 
source of radiation which, when fed into a second cavity, causes a dye to 
lase over an appropriate band of wavelengths. The output of the dye laser 
depends on the dye used and the pump laser wavelengthC s) . Specific 
wavelengths can be selected from within the characteristic wavelength band 
of the dye laser output usir.g a coarse tuning wedge and a fine tuning 
etalon in the laser to discriminate between wavelengths as close together 
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as 0.05 im.' 

A Spactra-Physics modal 170 argon ion lasar was usad at i^ut 5-6 

watts output powar to puap a Spactra-Physics modal 375 continuous wava dya 

lasar. A 1.5x10 H solution of Eastman Kodak Rhodamina 6G 

tatrafluoroborata in athylana glycol was usad as tha dya. With Rhodamina 

6G, dya lasar output powar of graatar than 100 milliwatts can ba obtainad 
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with a pump lasar input of 4 watts over the range 565«0 tn to 652.5 nm. A 

peak output power of about 150 mw can be achieved at 590.0 nm. The 

Rhodamina dya exhibits . ,rior stability and longevity compared to other 
dyes that fluoresce at these wavelengths. 

4. Laser Tuning 

Prior to each experiment the dye laser was tuned to a wavelength 

2 

corresponding to a strong NH 2 (x B^} absorption. This was accomplished 
using a small, fast flow discharge system illustrated in Fig. 5. Tha dye 
laser beam was deflected by a mirror so that it passed through a concave 
lens and was focused through the center of a glass tube. The far end of the 

tube was attached to a Wood's Horn to trap light scattered by the walls. 

The exterior of the tuning tube was coated black except for a small 
circular viewing area at right angles to the incident beam. The front of 
the tube was a 2 mm thick quartz window sealed in place with black wax. 

A mixture of about 10$ aononia in helium was flowed through the 
cross tube at about 1 torr total pressure using a high speed mechanical 
pump. An electrodeless microwave discharge attached to the inlet arm was 
used to dissociate a fraction of the ammonia into NH 2 . NH, and H. Tnese 


Figure 5 

laser tuning apparatus 
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fragments then passed through the laser beam. 

The tuning procedure was essentially the same as that described by 
Kroll^^ and Halpern et al^^. Initial laser tuning was effected using the 
laser tuning wedge to adjust the dye laser output to around 568.0 no or 
570.0 nm. This wavelength was verified visually using a Jobln-Yvon hand 
held monochromator with a 0.25 mm slit. The monochromator read to within 
tO.5 nm when the 577.0 nm and 579.1 no lines of mercury from a common 
fluorescent light were measured. Next, the dye laser was scanned over a 
narrow range of wavelengths using the fine tuning etalon until a 
fluorescence was visually observed as a sharp orange line against the 
yellow laser background scatter In the tuning cell window. Fine tuning was 
completed with the etalon until the brightest fluorescence was obtained. 

The tuning procedure was performed periodically as a check of the dye laser 
output. TtM time resolved detection and measurement of the Intensity of the 
NH 2 fluorescence was used to follow the rate of reaction of the NH 2 radical 
with phosphine, ethylene, and acetylene. 

E. Detection of the Fluorescen c e Signal 
I.The NH 2 Fluorescence Signal 

NH 2 radical fluorescence resulting from absorptions at 570.3 nm and 
568.2 nm are shown in Fig. 1. The manifold of fluorescence lines 
corresponding to absorption of 568.2 nm radiation occurs at 568.2 nm, 570.0 
nm, 572.0 nm and 575.3 nm. Fluorescence lines at 570.3 nm and 574.2 nm 
correspond to absorption of 570.3 nm radiation. 
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Th« fIuoreso«nct resulting froa the absorption of 568.2 nm or 570*3 
nm radiation by NH 2 radicals was used to aonitor the ralativa NH 2 ground 
state redical concentration. As already discussed (Chap. 1* sect. B.3.b), 
the strength of the fluorescent signal can then be used to determine the 
relative NH 2 concentration as a function of time. As NH 2 radicals are 
consumed, the number of scattered fluorescence photons deteoted per unit 
time decreases, and this provides the means for determining rate constants. 

2. Detection and Analysis Apparatus 

Fig. 6 provides a schematic of the equipment used in the 
production, detection, and analysis of the NH 2 fluorescetice signal. The 
fluorescent radiation passed from the reaction cell, through a blackened 
honeycomb collimator that reduced wall- scattered light and then through a 
577.7 nm Dltrlc Optics Interference filter with a bandpass of 9.8±3.0 nm 
FWHM. This filter preferentially transmitted the longer wavelength NH 2 
fluorescence lines, and restricted the detection of scattered laser light 
(568.2 nm or 570.3 nm). The use of this filter, therefore, significantly 
Increased the NH 2 fluorescence signal to background ratio. 

A very significant further increase In the NH 2 fluorescence signal 
to background ratio was achieved using a Melles-Griot polarized window 
which was placed in the optical train between the 577.7 nm filter and the 
photomultiplier. Since the emitted laser radiation was polarized, 
reflectively scattered laser radiation was also polarized. The NH 2 
fluorescence radiation was Isotropically scattered. Thus, while the 
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Fig. 6 Legend 


X- Oye Laser 
RC- Reaction Cell 
FL- Flash lamp 
TP- Trap 
P- Puop 

PM- Photonultlpller 
PO- Photodiode 
PA- Power Amplifier 


HVC- High Voltage Capacitor 

HYPS- High Voltage Power Supply 

LVD- Low Voltage Descrlolnator 

MCA- Multichannel Analyzer 

TTY- Teletype 

OLC- On-line Computer 

PS- Power Supply (for laser) 
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I . . 

polarizing window raduoad tha ovarall aignal by ^out 65f (aanufaoturar'a 
apaoifieationa). raflaotivaly aoattarad Itaar light waa alaoat coaplataly 
blookad and tha signal to background noiaa ratio inoraasad by at laaat an 
order of magnitude. Tha cauaa of acme of tha soattarad light ^aarvad waa 
never identified, but poaaibla candidataa include molecular Rayleigh 
acattaring, amall (<.5 micron diameter) particlaa in gaa aamplaa uaad, and 
reaction product which may have condanaad to form an aaroaol. 

Scattered fluoreacent light from electrcnically excited NH 2 
radicala in the reaction cell waa detected by a photomultiplier tube 
mounted at right anglea to both the laaer beam and the flaah lamp. The 
aignal waa detected by an EMR 54 1E 0-14 photomultiplier tube with a 
apeotral reaponae between about 280.0 nm and 850.0 nm. Since the tube waa 
aenaitive to thermal noiae, it waa neceaaary to maintain it at •20*C to 
-30*C by blowing cooled dry nitrogen gaa through a copper tube coiled 
around the photomultiplier houaing. 

The aignal was fed from the photomultiplier through a preamplifier 
and into an Ortec model 454 amplifier. It then passed into an Ortec model 
436 low voltage discriminator, which discriminated against low intensity 
pulses and shaped the pulse, and finally was fed into a Northern Scientific 
Co. NS 436 Multichannel Analyzer (MCA). 

Memory in the iKk consisted of 1024 channels which were divided 
into either sixteen-64 channel memory units or eight-128 channel units. An 
interval time base (1-1x10*^ sec) could be selected for each memory unit to 
fit experimental conditions. An EG A G model 566B photodiode detected the 
light from the flash lamp; a pulse frosi the photodiode passed through a 
discriminator and was used to trigger the MCA sweep. The MCA collected 
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photon oounts i . th« first data channal for tha salaotad tima baaa duration 
and than switohad to tha naxt ohannal ate., in saquanea until all tha 
channala in a oafflory unit had baan uaad. Tha KCA than raaat to tha raady 
moda until naxt raactivatad by a triggar pulsa froa tha photodioda. Thia 
nultisoaling ooda of tha HCA was usad to aecusiulata photon oounta froa 
rapatitiva flashas until about 1000 counts had baan acoissulatad in tha 
first data channal. While tha signal to background was, on tha avaraga, 
greater than 3:1, in practice, signal to background ratios ranged from 
about 1:1 to 30:1. 


F. Data Collection and Analysis. Reporting Unoartaintias and Error Analysis 

1. Data Collection 

Data Collected in the MCA could be viewed on a cathode ray tuba as 
they were aceuaulatad. Table 2 is an example of the photon counts collected 
by channel (with a tine base of 1.5x10“^ sac par channal) during an 
experifflent oeasuring the rate of NH2 radical dissipation by diffusion. Tha 
first channel gives tha number of flashes used in tha experiment ; channel 2 
is normally omitted so that scattered photons from the flash lamp flash, 
which has a small, but finite duration, are not be counted. Channel 3 is 
the first data channel used in analysis. Fig. 7 displays these data. 

After experiments were completed, data were transferred, to an RDA 
6200 LP miniprocessor for analysis or, when desired, transmitted to a 


Table 2 


NH2 Fluoraaoanoa Photon Count 


Channels 


Photon Counts 


1-10 

00036 

11-20 

00759 

21-30 

00359 

31-40 

00251 

41-50 

00187 

51-60 

00151 

61-70 

00165 


07570 02U66 01798 
00689 00624 00588 
00400 00339 00346 

00232 00252 00266 

00199 00167 00185 
00168 00181 00172 
00151 00156 00165 


01666 01276 01102 
00512 00494 00465 
00311 00315 00250 
00215 00252 00216 
00202 00169 00167 
00195 00148 00131 


01030 00941 00842 
00478 00443 00378 
00292 00299 00275 
00238 00201 00201 
00169 00169 00134 
00179 00171 00163 
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teletype ternlnal for page copy. 

2. Data Representation and Analysis 

Continuing with the discussion of the previous section on the use 
of the NH 2 fluorescence signal, the photon count due only to NH 2 
fluorescence is proportional to the NH 2 radical concentration at any time, 
t. The quantity: 

dln(NH 2 fluorescence counts) /dt = dln( gross counts - background counts) /dt 

can be substituted for d ln[NH 2 ]/dt in equation (61) to give: 

^67) d I,-;'. gross counts - background counts) * + k^ 

dt 

If a plot of In (gross counts > background counts) <s net counts versus time 
is linear, the slope of that line is the first order decay constant, called 
here k^^^ and equation (67) can be rewritten: 

“obs * “bi^^3 ♦ ‘^d 

When k^^^ is measured, at a given total pressure, in the special case where 
CX] s 0, then k .. s k.. k , is determined by measuring k . . for some [Xl 
at the same total pressure, temperature, and ammonia concentration as was 
used to determine Since k^ is proportional to temperature, total 
pressure, and ammonia concentration, it will be the same in both cases. 


Then, by rearranging equation (68), may be readily derived: 

1 

■i'. 

(69) IS.I • O'.*, - !•,)/«)■ 

Experimentally, as shovm in Fig. 7. time bases for the HCA were 
selected so that signal decay was observed to decrease to the background 
level within about 1/4 to 1/2 of the available channels. An in-house 
computer program developed by Mr. Edward Rothe provided data analysis: A 
simple average of the counts in the last ten channels was used to determine 
the background count. Mg, and this value was subtracted from the total 
mmber of counts, N, in each data channel, starting with channel 3« An 
example of a In(N-Ng) vs time graph based on the data in Table 2 is 
presented in Fig. 8. 


3. Reporting Uncertainties 

Based on counting statistics, the standard deviation in the photon 

count, N, is given by Since standard deviations are cunulative for 

1/2 1/2 

the difference of two quantities, ±(N + N„ ) represents the standard 

p 

deviation of the counts in any one data channel attributed to fluorescence. 
Using these formulae and the data from Table C as an example, the 
calculated fluorescence count for the first usable data channel (channel 3) 
was 2304162 while that for channel 25, two decay lifetimes later, was 
149±30, a rise of from 3S in the standard deviation of the former quantity 
to 20i in the latter. This effect is apparent in the increased scatter 
observed in Fig. 8 with increasing time (channel nusber) and was minimized 
both by using the tighter, initial portion of the decay and by analyzing 
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eaoh ttxpariment using ssvarsl different start and stop channels giving 

equal weight to eaoh analysis. 

The forgoing matheDatical treatment of uncertainty was one of the 

factors vAiich influenced the method selected for data analysis in this 

study. When is about 10S or less of for a reaction and therefore 

does not significantly increase the uncertainty, equation (69) is normally 

used to calculate k^^ for each experimental run.^^ If, however, k^ is 

greater thsi about 10% of k^^, the increased influence on the uncertainty 

can be reduced by using a graphical method to calculate k^^ for a series of 

experimental runs. This series of experiments was performed using sets of 

samples varying only in the concentration of X. Values of k^j^^ were plotted 

against their corresponding X concentrations. The resulting straight line 

has k^^ as its slope and k^ as its intercept. 

As with values of and k^^ discussed above, values of the 

Arrhenius pre-exponential factor and activation energy are reported with 

one standard deviation, ±0. The standard deviation in each of these 

quantities can be derived from the uncertainty in the slope and intercept 

of the line used to generate these results (equations (64) and (68)). 

The standard deviation in the slope of a line, whose 

equation is of the form y s mx b, where m is the slope and b is the y 
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intercept is given by: 


Slop. • 


where (71) S = — 
n-^ 




3A - 


X and Y are the variables. N is the nunoer of measurements and is the 
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variance of a single measurenent. 

The standard deviation of the intercept, is given by: 


®int * is1*i'^^**i»1*i " ^ill^i^ 


1/2 


4. Other Sources of Error 


In addition to the randoo error inherent in determining there 

were subjective errors resulting from the necessity of choosing start and 
stop channels used in determining These errors, however, were 

minimized by averaging the slopes obtained by using several start and stop 
channels for each reported. 

Attention was paid to sources of systematic error such as the 
measurement of absolute pressure using the MKS Baratron.^^ The manufacturer 
claims an accuracy to within 43.081>; therefore, in preparing a mixture 
composed of three gases, a cumulative error of . 0 . 32 } results. 

The stability of premixed samples was tested. No change in the rate 
constant for the reaction of NH^ with substrate was observed for samples as 
much as two weeks old. Usually, however, experiments were conducted with 
samples that were either freshly made or, at most, one or two days old. 

G. The Reaction Cell 


A cut-away side view of the reaction cell is presented in Fig. 9. 
The cell consists of a 346 cm^ cylindrical chamber placed within another, 
larger chamber. The reaction cell was made from a machined block of brass. 
One wall was detachable, being compression sealed to the rest with an 
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o>rlng, Th« outer chamber was constructed of 1/2 inch thick flat brasa 
plates brazed together. 

Four stainless steel tubes comprising two lnlet>outlet sets passed 
through holes out In the top of the outer chamber and were connected to the 
reaction cell. These tubes acted as supports to suspend the reaction cell 
In the outer chamber so as to thermally Isolate It from the outer chamber 
walls. Two of the tubes passed through the reaction cell walls and provided 
a path by which reaction gas mixtures were Introduced Into and removed from 
the reaction cell. The other two tubes connected to one set of continuous 
and Independent channels drilled entirely within the reaction cell walls. 

To cool the cell for low temperature experiments, dry nitrogen gas was 
flowed first through a copper coil set in a Dewar of liquid nitrogen and 
then through the set of channels connected to the other set of inlet-outlet 
tubes. Temperature control was accomplished by throttling the rate of flow 
of cooled gas. The cell was heated by resistive heating when current passed 
through a fiberglass- insulated nichrome wire which ran through a second set 
of channels drilled in the reaction cell walls. Both sets of channels were 
configured so as to respectively cool or heat the cell as uniformly as 
possible . Cell temperature was monitored by two thermocouples using Dorian 
Thermocouple Indicators. One thermocouple was placed inside the reaction 
cell in the gas stream to measure reaction mixture temperature. The other 
was attached to the outside of the reaction cell wall and was used to 
measure the approximate cell temperature when the reaction cell was 
evacuated. The thermocouple indicators were calibrated against the known 
temperature of liquid nitrogen and the boiling and freezing points of water 
and found to be within *0.6*K between 77*K and 373*K using similar 


thermocouples . 
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Low prossurts of about 2x10'^ torr war# maintainad in tha outar 
ehafflbar using a Varlan HSA-2a dlffuslcn puap with a oold trap and 
forapumpad by a Waloh modal 1400 maohanioal pump. This halpad to stabiliza 
tha tamparatura in tha raaotion area by insulating tha reaction call from 
the outar chamber walls. It also prevented absorption of tha flash lamp 
output in the outer chamber. The reaction call was directly connected to 
the gas handling system by the set of inlet-outlet sample tubes shown in 
Fig. 9. Pumping of the reaction cell was provideu by the same system rdiich 
was used for the gas handling system. 

Temperatures were limited by the requirement to maintain pressure 
or vacuin with the o ring compression seals of the optical ports. That 
range was extended by the use of silicone o-rings to provide a routine 
operating range of from about 210*iC to 480 **K. 

Holes of 1.04 inch diameter were cut in the front and back of the 
reaction cell and outer chamber to provide access for stainless steel tubes 
or arms through which the dye las r beam could be directed into and out of 
the reaction cell. Quartz windows, a and b in Fig. 9, were sealed to the 
ends of the arms using black wax. The window on the front arm was 
perpendicular to the incident laser beam while the rear window was attached 
at the Brewster angle to deflect back-scattered laser light into a Wood's 
Horn light trap. The light trap was constructed of a glass to Kovar seal 
with the Kovar silver soldered to the stainless steel arm via a copper 
reduction fitting. Both the front and rear arms were each fited with three 
circular aliininixn collimators, c in Fig. 9, painted black and machined so 
as to minimize light scattered from the leading edge surfaces. Finally, the 
arms were sealed to the reaction cell and outer chambers with machined 
brass retaining rings compression sealed with silicone o-rings. 
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Light from th« fltsh lamp (Mot. C abovt) waa oolliaatad whan It 
paasad through a filtar chambar just banaath tha antlre call aasambly. A 2 
mm thick HgF 2 (or, in soma aarly axparimants, LiF) window, d in Fig. 9> in 
tha filtar ohambar trananittad most of the flash lamp output; it protaotad 
tha 2mm thick suprasil (LiF in aarly axparimants) window at tha bottom of 
the outer chambar, a, by trapping Teflon* and alaotroda fragments broken 
off from tha lamp during flashing. Ready aocass to tha filtar ohambar made 
periodic cleaning of tha HgF 2 filtar possible and precluded having to 
dissemble the reaction cell to clean the bottom windows. 

A port in the side of the reaction cell (perpendicular to the arms 
and the filter chamber and facing out of the page as viewed in Fig. 9) was 
covered by a 1.5 inch focal length quartz lens. This lens focused tha 
fluorescence through a 2 mm thick quartz window sat in the outer chamber 
wall and onto the photocathode of the photomultiplier tube. The opposite 
wall of the reaction cell (into the page in Fig. 9) was covered with a 
honeycomb- shaped baffle, painted black, which prevented light which might 
have been scattered off the reaction cell walls from being directed onto 
the photomultiplier. Finally, the entire inner surface of the reaction cell 
was coated with blackened Teflon” to reduce the possibility of both wall 
reactions as well as light scattering. 

After the light from the flash lamp was filtered by passing through 
a suprasil window set into the bottom of the outer chamber by another brass 
retaining ring and o ring compression seal, it passed through the 206.0 na 
bandpass interference filter (f in Fig. 9) This filtered light passed 
through a .? mm thick LiF window, g, set in the bottem of the reaction cell 
by a crass retaining ring and o ring compression seal. 
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H. Th« G>i Hindllnt Sytt«n - 

The gas handling systea, used in the preparation and storage of all 

gas samples and mixtures. Is depleted In Fig. 10. The system Is oonstructed | 

\ 1 

primarily of glass and stainless steel with a feu short pieces of oopper | 

tubing near the exhaust pump trap. Metal>to-metal permanent seals were made 

1 

with soft silver solder, while readily detachable connections were achieved ^ 

1 

using Cajon Ultra»torr fittings (static o ring compression seals). | 

Components of the gas handling system can be categorized under the 
broad headings of storage area, pumping devices and pressure measuring 
devices. Gas mixtures were stored In five two-liter glass bulbs, through 
Sg, a 12-llter bulb, L^, or In two-22 liter bulbs, ond L^. was 
generally reserved for diffusion mixtures. Purified gases were stored In 
detachable bulbs or In or S^, and was reserved for use in 
distillations. 

The gas handling system was sequentially pumped by two independent 
systems. A Welch model 1402 mechanical pump with a 100 llter/mln capacity 
was normally used as a roughing pump to bring the system pressure down 
to about 0.5 torr. The line to this pu&p was trapped by a Dewar containing 
liquid nitrogen to prevent backstreaming of pump oil and material that 
might be dissolved In the punp oil. In order to achieve high vacuum, a 
Varian MRC 3340 Group II Air Operated Pumping System was used. The system 
consisted of a diffusion pump, cold trap, and a gate valve. The gate valve 
was solenoid controlled and air operated and it served as an automatic 
device to protect against inadvertent overpressurization of the punp during 
periods of unattended service. The diffusion pump was rated by the 
manufacturer at 285 liter/sec capacity. A Welch model 1402 mechanical pump 
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Fig. 10 L*gmd 


T-Teflon Stopcock 

H-Hoko Bellows-sealed V«lv« 

Q- Quartz Window 
DP«Dif fusion Pump 
PG'Panning Gaugt 
NV-Nupro Hetaring Valve 
RP1, RP2 -Welch Model 1402 Pump 


V Veeeo Bellows-sealed Vacuum Valve 

0 Circle-sealed Valve 

B-Baratron 

ThG-Thermoeouple Gauge 
SVO-Servo Metering Valve 
LNC-Liquid Nitrogen «" y Controller 
W4-T-Wallace and Tiernau .'ressure Gauge 


Figure 10 

GAS HANDLING AND STORAGE SYSTEM 



EXHAUST 



provided fertlin* puaping for th« diffusion punp. Tho diffusion punp imis 
ospsbls of routinsly puaping ths sntirs gss hsndling systsoi snd rssetion 

_A 

osll to s vscuuB of bsttsr thsn 1x10 torr. 

Prtssurss in tht output lint of tht diffusion punp wort rtsd using 
tithsr s Vtteo Ihtmooouplt Gsugt md TG-7 Thtmoeouplt Gsugt Controlltr or 
s Ptnning GPH>001 Oisobs^gt Vsouua Gsugt tubt snd s GPH-320 Ptnning Gsugt 
Control Unit. Tht Thtraooouplt Gsugt wss stnsitivt only to sbout 1 
Dillitorr; tht Ptnning Gsugt wss ustd to rtsd prtssurss ss low ss 1x10 
torr. Both dtviots wtrt ustd to monitor tht vseuui punping systta. 

I. Tht Prtpsrstlon snd Hsndling of Gss Mixturts 

1. Prtpsrstlon snd Handling of Rtagtnt Casts 

All rtsctlng gasts wtrt purifitd upon introduction into tht gas 

handling systm by a strits of thrtt frttzt, pump, and thaw cyclts dtaigntd 

to rtaovt any noncondtnsablt material that might have bttn introduced with 

the reagent gasts. Host reagent gasts were further purifitd by bulb-to>bulb 

distillation in which the first third of the distillate was discarded, tht 

middle third retained for use and tht final third also discarded. 

Distillation temperatures wtrt chosen using vapor pressure data provided by 
75 

Stull such that at the distillation temperature used, the reagent gas had 
a vapor pressure of about 1-3 torr. 

Ammonia (Ideal Gas Products Co., 99.999*) was distilled from an 
isopentane (2-methylbutane) bath maintained at about -105*C with liquid 
nitrogen. Water, nitrogen and hydrogen, the only significant impurities 
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originally praaant in tht aampla, wart not dataotad in a aubsaduant aaaa 
apaotral analysis. Zn agraaaant with tha obsarvationa of Lanai at al., 
amonia was found to ba raadily ^sorbad onto glass surfaoas. Cara had to 
ba takan, tharafora, whanavar introducing aanonia into tha ayat« to anaura 
that tha nnonia had oona to aquilibriua with tha wall surfaoas bafora 
taking prasstn'a raadinga. 

Phosphina (Idaal Gas Products, 99.996S) was distilled froo an 

isopantana-liquid nitrogm slush bath at about -150*C. Hydrogen and 

77 

nitrogen originally present as Impurities were not deteoted by mass 

spectral analysis subsequent to distillation. 

Ethylene (Aireo, 99. 5S) was not distilled after tha three 

freeze-pusp-thaw cycles. Mass spectral analysis showed ethane as tha only 

remaining impurity (<.05t). The ethane could not be removed by distillation 

75 

because the vapor pressures of ethane and ethylene are nearly identical. 

The presence of ethane as a contaminant was not considered to be a serious 
problsD because the reaction of NH^ with ethane had been shown to be much 
slower ( •3.5x10“^® cm^ molecule”' sec”') than the reaction currently taader 
study. 

Acetylene (Hatheson, 99.61) was introduced into the gas handling 

system through a trap cooled to -100*C using isopentane and liquid 

nitrogen. The purpose of the trap was to remove most of the acetone in 

krtilch the acetylene is shipped.' The smnple was purified as described 

earlier in this section and distilled from an isopentane-liquid nitrogen 

slush bath at about -140*C. None of the original contaminants, nitrogen, 

78 

oxygen, and acetone were detect'd in a subsequent mass spectral analysis. 
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2. Gas Hixturts 

After purification, gases were mixed tc provide samples of varying 

desired composition. Ammonia was generally introduced into one of the 

storage bulbs first; the substrate was added next, and finally the mix was 

brought to the final total pressure by adding Argon (Scientific Gas Co., 

99.9999%) which was used without further purification. The Argon added 

helps to reduce the sharp temperature rise that might have accompanied the 

absorption of the large flash energies by the reactant in a very short 
79 

time. ' Also, the addition of buffer gas reduces diffusion times. All 
pressures were read on the HKS Baratron to .001 torr. 

J. Experimental Procedure 

The experimental procedure was essentially the same whether 
experiments were conducted in the flowing mode or in the static mode. A 
premixed sam.ue was introduced into the reaction cell, and the dye laser 
tuned to 568.2 am (or 570.3 nm). The laser beam was then directed through 
the cell as shown in Fig. 6. The nitrogen pressure in the flash lamp was 
set at a suitable flash energy and flash repetition rate and the sample was 
flashed until at least 1000 counts had accumulated in the first data 
channel of the MCA. 

The flowing mode, in wtiich a sample was flowed through the reaction 
cell at a rate such that the reacting gases were theoretically 'eplenished 
in the reaction cell once every 3-5 flashes, was used to probe the 
occurrence of reactions of Nh^ with products. A change in the rate of 
reaction measured between the static and flowing moder would indicate the 
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possibility of an intsrfsrinf NH 2 -produet rssotion* 

Exparimentally, gas flow was controllad by throttling through a 
Nupro metering valve (Fig. 10) which had been calibrated for various total 
fore pressures. The Baratron was offset by the total pressure desired and a 
Granville-Phillips Automatic Pressure Controller converted the difference 
between the actual pressure and the offset pressure into a voltage which 
opened (or shut) the servo metering valve so as to minimize this difference 
and maintain che preset pressure. Extensive use of the flowing mode was 
precluded in the ethylene and acetylene experiments because of the large 
amounts of these gases that would have been required. In phosphine 
experiments, pressures below about 20 torr could not be accurately 
controlled using the existing flow apparatus. 

In static mode experiments, samples were replaced between 
experiments except when the experiment took a large number of flashes to 
accumulate significant signal. In the latter case, then samples were 
replaced at Intervals during the experiment in order to minimize any 
interference from product buildup. As a substitute for flowing mode 
experiments, m experiment was periodically conducted in which a sample was 
flashed a given number of times. A second experiment was conducted under 
the same conditions except that the mixture was replaced periodically until 
the approximately same nonber of flashes had accumulated. If nc change in 
the rate constv > was observed between these single fill and multiple fill 
experiments, no reaction with product was indicated. 

In order to probe reaction parameters, conditions suc.h as flash 
energy, concentration of reactants, total pressure and temperature were 
varied for each reaction studied. The results of these experiments are 
provided in the following chapters. 


CHAPTER 3 
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RATES OF REACTIONS OF NH^ WI1H ACETYLENE AND ETHYLENE 
A. VLe Effect of Filters on Flash Lamp Output 
1. Effective Flash Energy 

Experiments were conducted to determine the impact of the window 
and filter combinations used in limiting the wavelengths put out by the 
flash lamp. This information is necessary so that the effective flash 
energy at which an experiment is conducted can be quoted and to provide an 
estimate of the initial NH 2 radical concentration in order to evaluate the 
potential impact of secondary reactions. 

Experiments were conducted for each of three window and filter 

combinations for which the filter specifications are given in chapter 2 
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ar''. the window characteristics are given by Okabe . The 2 mm thick 
windows were set in the bottom of the outer chamber in the optical train 
of the flash lamp and the filters were placed in the outer chamber 
directly over these windows. A 15 torr total pressure mixture containing 
0.600 torr of ammonia in argon was flashed in the static mode at 298*K. 

The relative flash lamp output was determined by extrapolating a plot of 
fluorescence counts less background vs time to zsQ and cividing the 
'initial count' by tne total number of flashes used. This 'initial count 
per flash' , ICPF. was taken to be a measure of the photon flux reaching 
the cell since, as was s r'wn in Chapter 2, the fluorescent radiation is 
proportional to tne incident radiation absorbed. The ratio of ICPFs from 


one set of experiments to the next was used to quantify the relative 
effectiveness of each filter and window system. Table 3 gives the results 
of these experiments. 


\ 


Table 3 

Relative Effective Flash Lamp Energy 


Window Material Filter } Energy Transmitted 


UF 

none 

100 

LIF 

175.0 nm 

43 

Suprasll 

206.0 nm 

11 


Table 4 gives the effective flash energy output corresponding to a given 
applied charging voltage. Values in the 'LIF only' column are calculated 
using equation (65) where C=4.5 microfarads. 


(65) E = 1/2 CV^ 


Values in the other two columns are calculated by applying the appropriate 
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relative effectivenesa factors fron Table 3* These flash energies are used 
in the appropriate ooltans of the data tables to be presented. 

Table t 

Effective Flash Energy 


Applied Voltage LiF only LiF/175.0 nm filter Suprasil/206.0 filter 
(kilovolts) (J) (J) (J) 


2.5 

14.1 

6.0 

1.5 

3.0 

20.3 

8.7 

2.2 

4.0 

36.0 

15.5 

4.0 

5.0 

56.3 

24.2 

6.2 

6.0 

81.0 

34.8 

OD 

• 

7.0 

110.3 

47.4 

12.1 

8.0 

144.0 

61.9 

15.8 

9.0 

182.3 

78.4 

20.0 

10.0 

225.0 

96.8 

24.8 


77 


In a second set of experiments, was measured at 298 *K for a 
15 torr total pressure reaction mixture consisting of 0.600 torr of 
ammonia and 1.250 torr of ethylene in argon, was measured for a mixture 
at the same temperature, total pressure and ammonia concentration, but 
containing no ethylene. A plot of (k^^^ - k^) vs effective flash energy 
for the same set of window and filter combinations as were used in the 
previous experiments is presented in Fig. 11 . Values of - k^) are 

relatively constant with increasing effective flash energy up to about 20 
Joules. Above this energy, an increase in (k ^ - k.) with increasing 

flash energy is noted. 

This flash energy effect is characteristic of systems in which 
secondary reactions have become significant and in which the quantity 
(k^bs “ **( 1 ^ longer reflects the rate of the elementary reaction under 
study. Here, in particular, the reaction of NH^ radicals with ethylene 
could be affected by increased H atom production from the photolysis of 
ammonia when using higher energy flashes. H atoms are scavenged by in 

reaction (32): 

(32) H + CjHjj ♦ CgHg k *2 = 1.13x10"’^ cm^ molecule"’ sec"’ 

and radicals can react with NH 2 radicals by (34) 

( 34 ) NH 2 C 2 H 5 • NH 2 C 2 H 5 kjj, s 4.2x10"” cm^ moiec"’ sec"’ 
Equation (61) would then need to be modified to Include tnis new NK 2 loss 


factor to give; 
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(73) rate « “**^"^**^2^ » k--CXl ♦ k,.C7] 
dt 

where X Is the substrate and Y is the substrate C 2 Hg< 

Clearly, an increase in the production of H atons will result in an 
increase in CC 2 Hg] and thereby increase the rate of oonsuoption of NH 2 
radicals due to reaction (34). Therefore, in order for the rate 
measurement to reflect only reaction (29), reaction conditions must be 
tailored so as to minimize the effect of (34) by keeping H atom production 
as low as possible. 


2. NH^ Radical production 

The effect of secondary reactions such as (34) can be determined 

if the rate constant for the reaction is known and if the NH^ radical 

concentration can be determined. In order to estimate the NH^ radical 

production under the present conditions, it would have been necessary to 

measure the absolute photon flux under each set of optical conditions 

used. Klemm and Stief^^ had calculated that the photon flux from the flash 

lamp passing through Just a LIF window and incident on a smaller cell 
12 -2 

was about 10 photons cm . Their results were based on a measurement of 
the C 2 H 2 produced by C 2 H^ photolysis in the reaction: 

( 74 ) C2H^ ♦ hv - C2H2 H2 

The results of Klemm et al. cannot be directly applied to give an 
absolute photon flux for each of the window/filter conditions used nere 
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unless the flesh lamp output is uniform over the range 105.0 na to about 
210.0 no and the absorption coefficient and quantum yield of NH^ are known 
over the same wavelength range. Qualitatively, however, it can be reasoned 
that the restricting filter bandwidths and windows pass less radiation 
than does the LiF window alone and lead to the conclusion that the photon 
flux is certainly reduced from the Klenm et al. value. In addition, the 
larger cell volu&e and the increased distance between the current cell and 
the flash lamp should further reduce the photon flux. These considerations 
and the relative flash lamp outputs tabulated in Table 3 lc*d to placing a 
crude upper limit of about 10 photons cm*^ on the photon flux using the 
suprasil/206.0 nm window/ filter combination. NH^ photoylsis proceeds with 
a quantum yield of unity^^ undm* the optical conditions used in these 
experiments. If the average ammonia absorption coefficient over the 
bandpass of the 206.0 nm filter is about 100 atm'^ cm~\ the initial NH2 
concentration, is conservatively estimated to be <2x10^^ molecules 

cffl“^ for a typical 1 torr ammonia partial pressure. 

B. The Rate of Reaction of NH^ with Ethylene 
1. Experimental Considerations 


a. Secondary Reactions 

In studying the rate of reaction of NH2 with ethylene, it was 
necessary to ensure that measurements were conducted under conditions such 
that potential secondary reactions in wnich NK^ was consumed were 
unimportant . 
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The following reactions must be considered when a mixture of 
aononia and ethylene are flashed under the optical conditions described in 
chapter 2: 


(17) MHj ♦ hv ♦ NHg ♦ H 

(75) »Hj 

(18) SHj • »H, •> M - MjHu ♦ H 

ic^g * 6.9x10”^*^ cm^ molec”^ sec"^ 
(23) NHg H M * NHj ♦ M » 6.1x10"^° cm^ molec*^ sec“^ 

(29) NHj ♦ CjHy ♦ products 

(32) ♦ H ♦ M ♦ C 2 H 5 ♦ M k *2 » 1.1X10”’^ cm^ molec"'* sec"”* 

( 3*0 NH 2 ♦ * products k^j, « 4.2x10“^^ cm^ molec"^ sec”^ 

(76) C 2 H 5 <*• CgHj ♦ M * C^H^q + M 

k^^ s 2 . 1 x 10 “^^ cm^ molec”^ sec”' 

The rate constants, where temperature variant, are for 298”K. 

For a typical flasn lamp output, the initial NH 2 and H 
concentrations are estimatea to be about 2 xlo'^ molecules ca”^ (based on 
the argunents in the previous section) . At 298*K and 25 torr total 
pressure, in a mixture of wnicn one torr was C.Hj, , 0.5 torr was ammonia 
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and tha ramaindar argon, raac&ion (32) would ba about 10^ tlmas aa faat aa 
raaotlon (23). It is tharafora assumad that oost of tha hydrogan atoos 
produced by tha photolysis of aaoonia will react rapidly with to 
produce and that reaction (23) can ba neglected. Basaci ■ r. tha rates 
of (34) and (76), only about half of tha will ba consumed by reaction 
(34). Under these conditions, the pseudo-first order contributions to tha 

eomsumption of NH2 by reactions (18) and (34) are calculated to be 0.1 

* 

sac**^ and about o.4 sec'^ respectively. By using sufiiciently large 

ethylene concentrations, k . . from (29) can be made large compared to the 

pseudo-first order contribution due to (18). k^^ measured in this study 

was found to ba -19 seo~^ at 298 *K and 25 torr total pressure. Ikider these 

conditions reaction (75) will therefore be the only other significant 

process (exclusive of reaction(29)) by vSiich NH2 radicals are consumed. 

An increase in pressure could cause the contribution to the 

consiaaptlon of NH2 due to reaction (18) to increase. Care was taken 

therefore, to avoid high pressures. Total pressures were limited to -100 

torr, however, mainly because higher pressures than these resulted in 

severe quenching of the fluorescence signal. This limitation 

coincidentally avoided any significant contribution due to reaccion (18). 

The use of very low pressures did create a minor problem in that diffusion 

increased, and therefore the theoretical uncertainty in k^^ which, based 

on the statistical treatment in chapter 2 was shown to be ♦ 

1 /2 

(k.) }, also increased. 

Q 

In order to ensure that secondary reactions such as (34) and (18) 
did not contribute significantly to the pseudo-first order rate constant, 
tne flashing energy was routinely varied by at least a factor of 4 and by 
as ouch as an order of magnitude. An increase in k^^^ with increasing 
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flash anargy could indlcata an inoraasa in tha production of H and NH 2 
(and subsaquantly load to m inoraasa in C 2 HJ production dua to raaotion 
(32). This situation would rasult in an inoraasa in tha rata of NHj 
oonsunption dua to saoondary raactions. Thosa faw axpariaants in which 
^obs *PP**^*^ ^ inoraasa with inoraasing flash anargy bayond 

axparifflantal arror wara cmittad. 

Sinca radical-radical raactions hava littla or no activation 
energy®**, their rates are for the most part t«nperature independent. Tha 
effect of secondary reactions suuu as (34) should be more significant at 
lower temperatures where reactions such as (29) « which have larger 
activation energies and tharafora greater taaparatura dapandanca, are 

4 

slower , 

Experimental conditions limited the range of variation of ethylene 
concentration. For example, the very slow rate of reaction (29) precluded 
conducting experiments below 250 *K because of the large concentrations of 
ethylene that would have been required to give a satisfactorily high 
pseudo- first order rate constant. Attempts to use partial prassuras of 
etnyiene greater than torr resulted in a substantial loss of signal, 
presumably due to quenching of the NH^ fluorescence. 

b. Analysis for Reaction with Products 

In order to investigate possible reactions of NH 2 radicals with 
any of the products of the initial reaction of NH 2 with ethylene, two 
types of experiments were conducted. In one, the rate of reaction in the 
flowing moce was compared to that In the static mode. Diffusion mixtures 
and reaction mixtures were flowec througn tne reaction ceil at a voljae 


ratt of flow which could havo raplaead tha raaetloa aix ovary 3 or d 
flaahaa had a plug flow baan aatablishad. Sinoa, howavar, tha aaapla Inlat 
and outlat tubaa wara ao narrow (1/6 inch Innar dlaaatar) and tha oall 
voltna so larga («300 oa^), it is Boat likaly that only a turbulant flow 
was aatablishad and tha oall oontanta wara hot ooaplataly awapt out and 
raplaead with tha ragularity oitad. 

Flow axparinants wara conduotad at 15 torr total prassura md at 
298*K. Tha (first order} diffusim frem flowing runs was 25±2 sae~\ This 
compared with static runs under tha same conditions which also gave 25±2 
sao~\ Reaction mixtures containing 2.813 torr of athylana run in tha 
flowing mode gave k^^^ k 61 000 *^ and static runs under tha same 
conditions gave 65±3 sao'V Tha bimolacular rata constant calculated by 
direct application of aquation (77): 


* ltd 


gave 3.95x10”^^ cm^ molacula"^ sac"\ nearly identical to tha results 
obtained using the static mode (3.99xl0~^^ cm^ aolacula~^ sae*^). 

In a second sat of expariBcnts conducted at 298*K. 15 torr total 
prassura and 12.1 J flash laap output energy, a comparison was made of the 
reaction rate constants for varying niabers of flashes per filling, k 

OD 9 

values for three such experiments were: s 28 sec-1 '125 flashes in 1 

fill), 28 sec-1 (125 flashes in 5 fills), and 27 sec-1 (ICO flashes in 2 
fills). These experiments indicate there is no detectable reaction with 
products. 

In order to ensure tnat no fluorescence due to any species other 
than laser excited radicals was detected, experiments were conducted 


^ t 
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in wtiioh • mixtur* of tthylon* and argon was flaantd with tha Ua«r 
paaalng through tha aixtura. No photon oount abova baokground waa 
dataetad. In addition, a raaction mix containing athylana, ammonia and 
argon waa flaahad with tha laaar blocked and, again, thara waa no photon 
oount dataetad abova baokground. Thia second axparimant anaured that no 
fluoraaoanoa was detected due to any species oraatad by tha flash lamp. 

2. Ethylene Results 

All of the experiments were carried out under pseudo«first order 
conditions where CC 2 H^] > [NH 2 ]. The initial ethylene concentration was 
never less than .1.5x10^^ molecules cm^; the Initial NH 2 concentration was 
calculated to be about 2x10^^ molecules om^. The decay of NH 2 radicals may 
then be represented by; 


(78) 


•dlnCNH2) 

“dt 


*^obs 


Integrating (78) from tsQ to some other time, t, gives: 


(79) In (NH 2 ] « -k ^3 t ♦ In CNH 2 ]g 

where CNH 23 q is the initial NH2 radical concentration and [NH2] is the NH2 
radical concentration at time, t. 

Fluorescence counts have been shown to be proportional to the NH2 
racical concentration. Net counts (gross counts less background, where 
oacKgro'jnd is the average of photon counts in the last ten channels) in a 
typical experiment are plotted against time in Fig. '<Z for each 
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Legend for Fig. 12 


Temperature 

(•K) 

^total 

(torr) 

(mtorr) 

Flash Energy 
(J) 

[NHj] 

(mtorr) 

250 

25 

2235 

8.9 

1118 

298 

15 

1250 

15.8 

600 

373 

25 

2054 

6.2 

749 

465 

35 

719 

12.1 

841 


note: the graph of data at 298°K is displaced downward by an order 
of magnitude for clarity of presentation. 
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Figure 12 


FIRST ORDER DECAYS FOR NH2+C2H4 
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ttnperature studied. The linearity of these plots indicates that the 

i 

decays represent a first order process. Since scatter and sene possible 
curvature was noted in later portions of the decays (not shown) , only the 
linear, initial portions of the decays were used. 

Values of were calculated fron the slopes of plots of In (net 
counts) vs tine, such as shown in Fig. 12. Analysis was conducted by an 
on-line linear least squares computer program using the ROA miniprocessor 
described earlier. A complete data table containing values of k^^,^ for 
corresponding conditions of temperature, total pressure, anaonia and 
ethylene concentrations, and flash energy is presented in Appendix I. 
Values of k^^^^ reported for each experiment are the average values for the 
analysis conducted under several different start and stop channels. 

The observed pseudo-first order decay constant is represented by 
equation (77): 

<77) • Sl'<=2“4> ♦ “d 

A plot of k^^^ vs yields a straight line with slope equal 

and an intercept of k^ since reaction (29) is the only elementary reaction 
contributing to the consixnption of NH^ radicals. Fig. 13 shows a typical 
plot of k^^ vs [C 2 H^]. Experiments in which data points have identical 
^obs ^ givbd ethylene concentration are represented by a circle 

c ire in scribed around the plotted point. Table 5 is a summary of ^bi values 
obtained for each of the experiments listed in Appendix I (a set consisted 
of a group of experiments performed at a fixed temperature, total pressure 
and ammonia concentration and varying only in ethylene concentration and 
flash energy). Uncertainties quoted are at the one standard deviation 
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Tablt 5 



Sunaary of Resulta for NH 2 * 

Ethylana 

Temperature 

^total 

CMHj] 

# of 

(x10’®> 

(*K) 

(torr) 

(otorr) 

Experlffltnts 

(om^ molacula"^ aao“') 






250 

10 

475 

21 

1.91t0.16 


25 

1192 

28 

1.4910.10 



1118 

32 

1.54±0.16 

1 


50 

2235 

21 

2 .O 81 O .09 j 

1 

298 

10 

400 

23 

j 

4.8510.35 j 


15 

600 

25 

4.7810.16 1 

1 




41 

4.4210.15 i 


25 

1000 

24 

4. 3010 . 15 





i 

9 




20 

2.5810.09 \ 



1463 

26 

3.3510.14 . 1 



938 

37 

4.5810.08 j 


35 

1400 

23 

4.2910.15 i 

1 


50 

1000 

29 

j. 0110.24 1 


100 


666 


16 


3.50i0.27 
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5 

500 

12 

10.17±0.30 

10 

500 

18 

1 1.93*1.40 

25 

1249 

23 

9.7810.38 


799 

16 

8.64t0.26 


749 

30 

11.9512.66 

35 

1118 

11 

9.3410.54 


25 

651 

13 

16.4±0.7 

25 

603 

19 

24.811.0 


1001 

28 

19.114.1 

35 

841 

26 

18.310.5 

5 

327 

14 

11.610.4 



level and are based on the treatment presented in chapter 2. The 5 torr 
total pressure experiments performed at 460* K are treated separately and 
will be discussed later. 

The average value of for each temperature studied is presented 
in Table 6. (The high temperature set does not include the 5 torr 
experiments.) 


f 
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Table 6 


Arrhenius Plot Data for NH^ Ethylene 


Temperature 

(*K) 


# of 

Experiments 


(xio’®) 


(cm^ molecule”^ sec“^) 


1 

I 


250 

loa 

1.7640.29 

298 

268 

3.99±0.77 

373 

110 

10.311.4 

465 

86 

19.713.6 


A 


■ . - ’ i 
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Values of In at each taaperatura art plotted against 1000/T in tha 
Arrhenius plot of Fig. 14. The ealoulated interoept is -31. 010410. 0725 oa} 
Doleeule~^ seo"^ and the slope is 1318123 degrees'^ The temperature 
dependent rate constant for reaction (29) is therefore: 

kjj a (3.4110. 12)x10~^** ^-(1318 i 23)/T ^3 molecule”^ sec"^ 

Since the slope represents -E^/R. the activation energy for this reaction 
is C a 2.61910.046 kcal/mole. 

3 

No change in the rate constant was noted for a change in the total 
pressure except at the very highest temperature, and then, only at the 
lowest pressure examined, 5 torr. 

3. Discussion 

In an ab initio calculation of the energetics of the addition of NH2 

gc 

to €2(1^, Shih et al. predicted that the addition process is exothermic 
by 1712 kcal/mole (In chapter 1, the abstraction channel was shown to be 
exothermic by 5.1 kcal/mole.) They also predict an activation energy of 
-35-40 kcal/mole for the addition channel to account for the relative 
unreactivity of NH2 towards addition to olefins. This value stands in 
contrast to the lower activation energy value of 2.6 kcal/mole presented 
here. The small pre-exponential factor determined from the experimental 
results of this study appears to account for the slow rate of this 
reaction. 

The results presented nere are in good agree:„«nt with those 
predicted by Senson. Benson states tnat addition of a radical to a 



(cm^ motecute*' sec*') 



stable unsaturatad spaoias ganarally raquiras a small aotivatloa anargy 
;han tha raaotlon is axotharmio. Ban son hypothaalxas that tha aotivatlon 
anargy results from tha crossover of an alaotronlo state of tha reactants 
with a different state of tha products. Both NH 2 and C 2 H 11 need to 
rahybridiza their molecular orbitals in forming tha adduot and Benson 
points out that such a change should occur at relatively close range, 
implying the same type of tight transition state as is found in 
abstraction reactions. 

—14 

Tha small pre-ex ponancial factor found in this study (3*4x10 ) 

is even lower than that found by Khe at al. (4x10~^^) and is far smaller 

87 

than that which would be predicted by Benson. The value found here is 
consistent with a low steric factor which might be expected for the 
reaction of NH 2 and ethylene. 

The experiments of Hack et al.^^ (also shown in Fig. 14) stand in 
contrast to those in this study and to those of Khe et al.^^ (also shown 
in Fig. 14). Hack et al. predict the formation of an adduct based solely 
on an assunption that NH 2 reacts with unsaturated olefins in analogy to 
the reactions of the isoelectronic OH with C 2 H 2 . Hack et al. find that the 
rate of reaction (29) is temperature invariant indicating that they are 
measuring the rate of a process that has no activation energy, such as a 
radical-radical reaction. In addition, adduct formation should be 
evidenced by a pressure dependence in the bimolecular reaction rate 
constant (as shown in equation 16). The experiments of Hack et al., 
however, were performed over too small a pressure range (0.4 torr to 1.0 
torr) to show any pressure effect; however, their results should have been 
lower than those found here at nigher pressures if the high pressure limit 
is greater than * torr. This is suggested by the data presented here, but 
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only at 465*K. Finally, it ahould ba notad that, aa haa baan aantlonad 
pravloualy, it la inpoaaibla to allninata tha potantlal intarfaranoa dua 
to wall raaotiona In a flow syataa. 

Haok at al. praparad NH 2 in a glaaa flow tuba by tha raaotion: 

(78) MHj ♦ F ♦ NHj ♦ HF 

whera F atooa wara ganaratad by tha microwava discharga of F 2 . Tha aama 

nicrowava discharga usad to produce F atoms could also have produced 0 

atoms if all of tha O 2 prasant as an Impurity in F 2 was not ramovad prior 

to usa. m addition, tha hataroganaous reaction of F atoms with tha Si02 

of tha flow tuba walls or with possible water adsorbed on tha walls could 

also lead to tha production of 0 atoms. Than tha occurrence of tha 

88 

homogeneous reaction: 

(79) NH 2 ♦ 0 ♦ MH ♦ OH « 3.5x10*^^ cm^ molec"^ sec"^ 

« HNO > H 

must be considered here as a possible candidate to explain tha diffaranca 
between the Hack et al. results and those reported here. This problem was 
avoided in the present study by tha method of generation of NH 2 . 

As shown in Fig. 14. the results of Khe et al.^^ agree closely 
with those found in this study. The increased sensitivity of the laser 
fluorescence method over that of laser absorption used by Khe et al. 
should indicate a higher level of confidence in tne results presented 
here, especially at tne lower pressures under whicn the bulk cf this study 


1 


97 


^«qinm. page is 

OP POOR QUAUTY. 


was oonduotad. 

Tha possibility of a prassura dapandanoa in raaotion (29) aa 
raportad by Kha' at al. was invastigatad.^^ At 5 torr total prasaura and 
460*K, tha binolaoular rata constant droppad fron (1 .97±0.26)x10~^^ to 
(1.l6i0.0M)xl0"^® or, about 60S in good agraaoant with tha approximataly 
50S drop raportad by Kha at si. If an adduct was foraad by tha raaction 
ohannal : 


(29) HHg ♦ CjHjj ♦ M * HHgCjHj, ♦ H 

an incraasa in prassura of tha third body gas, H, would halp to stabilixa 
tha adduct by raffloval of axcass anargy through collisional transfar. Tha 
raaction would ba bimolacular at tha high prassura limit ar^ axhibit a 
tarmolaeular rata constant behavior as tha total prassura approaehas zaro 
ccording to tha discussion in chapter 2. Tha bimolacular rate constant 
asurad here raprasants tha high prasaura limit for reaction (29). 

C. Tha Rata of Raaction of NHj with Acetylene 
1. ExparL’nantal Considerations 

Sketchy information makes a complete evaluation of tha importance 
icary reactions of tha NHg ♦ system difficult. Reactions (17), 

i) , and (23) which already evaluated with regards to their 

KH 2 * ethylene may be dismissed as relatively unimportant or 
rtance can be reduced here based on the same argunents. In 
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( 80 ) C 2 H 2 ♦ H * C 2 H 2 

rJ'q ■ ( 8 . 26 i 0 . 20 }sl 0 ~^^ o«^ ■oUeult'^ ••0*“' 
tnd (81) NH 2 * C 2 HJ * products 
notd to bo oonsidorod horo. 

Sinot, froB siailar orfviRmto as prosontod oorllor, roaetion (80) 
is -10^ tiBoa as faat aa raaotion (23) at around 25 torr total praaauro, 
(80) is aaauaad to bo tho aiajor oonauoptivo proooaa for H atoaa and thoro 
should bo a ono>to«ono corroapondanoo botwoon CH] produeod and (C 2 H^ 1 . 

Tho rato of raaotion (81) haa not boon aoaaurod. Tho bond 

on 

additivity aothod of Bonson' was usod to ealculato hosts of roaetion froa 

01 

hosts of foraation. Baaod on valuas of AK^ providod in Bouaon' tho 
addition ohannol for roaetion (81) ia found to bo ondothomie. Tho 
abstraction ehannol for (81) is about aa oxothoraic as ia tho 
corrospondinc roaetion of NH 2 with € 2 )!^ (sH^- -72 keal/aolo vs -71 
keal/aolo, rospoctivoly) . Thoroforo, roaetion (81) is dotorffli:<:d no bo 
about as fast as roaetion (34)« 

All other faetors, such as CNH23gt being approxiaatoly equal, 
reactions (18) and (81) could provide tho only signifieant contribution to 
^oba secondary reactions. Aa was pointed out in section B above, 
howovor, contributions duo to secondary reactions aay bo indicated by an 
ineroaso in rato constant with increase in flSih energy. Flash energy was 
continuously vsr iod by a factor of at least 4 and by as much as 10 for all 
reaction rots and no significant change in the rate constant was 
noted. Additionally, any significant contribution due to reaction (18) 
should be evident by an increase in with increasing pressure and the 


99 


rate of (18) should be tanperatura Independent. lAtile there is a nail 
increase in with Increase in pressure noted at higher temperatures, no 
similar Increase is noted at lower temperatures and therefore, there is no 
evidence of any contribution to k^^^ due to reaction (18). 

Values of k^ measured agree to within about 10% with Uie 
intercepts calculated frcm graphs such as in Fig. 16 except at the highest 
pressures measured and then, only for the highest temperature runs. This 
disagreement is also noted for the high pressure, high temperature runs 
conducted in the NH 2 * ethylene experiments. A possible small contribution 
to k^^^ by a pressure dependent reaction may be hinted at here. 

As with the ethylene experiments, an investigation of the reaction 
of NH 2 radicals with reaction products was conducted using both the 
flowing mode and the method of multiple reaction cell fills described 
previously. No indication of any significant change in rate constant was 
noted when using these diagnostic tools and, therefore no reaction with 
products is suspected. 

A reaction mixture of acetylene and ammonia in argon was flashed 
with the laser blocked to determine if photons from any species other than 
laser excited NH 2 were being collected by the photomultiplier. In another 
experiment, a mixture of only acetylene in argon was flashed with the 
laser tuned to 568.2 nm to determine if fluorescence from either excited 
acetylene or from a possible acetylene photofragment was being collected 
by the photomultiplier. In neither experiment was any photon count above 
normal background detected. 
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2. Results 

As with the ethylene experiments, all of the experiments in this 
section were carried out under pseido-first order conditions where CC 2 H 2 ]q 
» The acetylene initial concentration was always greater than or 

equal to 0.799 torr (2.6x10^^ molecule ca“^), a factor of about 10^ larger 
than [HH23 q* 

Figure 15 shows typical pseudo-first order decays for NH^ 
in the presence of acetylene. The linearity of these plots demonstrates 
that the graph is representative of a first order process. Appendix II 
contains a complete compilation of values of calculated from the 

slopes of plots such as in Fig. 15 for each variation of temperature, 
total pressure, ammonia and acetylene concentration and flash energy at 
which measurements were made. The value of for a given entry is the 
average value for analysis of that experiment under several different 
start and stop channel conditions. 

A modified version of equation (68): 

“obs = ‘Si^‘^2‘^2^ ^ ‘'d 

can be used to obtain the bimolecular rate constant for reaction (28). 

(23) NH 2 ♦ C 2 H 2 * products 
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Legend for Fig. 15 . \ 


Temperature 

^total 

CCgHgl 

Flash Energy 

[MH3l 

• 

CK) 

(torr) 

(ffltorr) 

(J) 

(mtorr) 



298 

10 

1045 

15.8 

500 

373 

25 

13‘»9 

8.9 

1237 

455 

10 

819 

15.8 

393 


note: 455*K line is displaced dovmward by one order of magnitude 
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A plot of Masurod valuta of vs CC 2 H 2 ] yitlds a straight 
lint whost slops is and uhoat intaroapt la A typloal plot for a 
sat of k^^^ vs [C 2 H 2 ] data at 465*K. 25 torr total prassura, and 1.000 
torr of aononla is prasantad in Fig. 16. Tabla 7 suooarizas k^^ valuas 
obtainad from a similar graphical analysis for aaoh sat of axparimants 
listed in Appendix II. 

Unlika tha athylana results, the reaction of NH 2 with acetylene 
shows a clearly defined increase in rata with increase in pressure at both 
373*K and 459*K. In Fig. 17. k^^^ for reaction (28) is plotted against 
total pressure for each temperature studied. 459* K is the average 
temperature for the highest temperature experiment sets from Appendix II. 

In using tha average temperature only about 1% error is introduced. The 
lower two temperatures show no pressure effect; at 373*K. there is a 

i 

significant (50%) increase in k^^^^ from 5 to 100 torr and on the 459*K 
curve, a 100% increase in is noted for the same pressure range. 

In Table 8. average values for k^^ are presented at 241* K and at 
298*K, Values for k^^^^ at 373"K and 459*K represent only the high pressure 
experiments where it appears that k^^ is approaching a limiting value. At 
neither of the high temperatures was it experimentally possible to conduct 
higher total pressure experiments because of quenching which caused a loss 
of NH 2 fluorescence signal. The data in Table 8 are graphed in Fig. 18 in 
an Arrhenius plot. This plot was initially thought to be slightly curved, 
but a straight line can be drawn through the data points within the 
uncertainties. While it cannot be proven that the reaction rate constant 
has reached the high pressure limit, it appears from the graph to be 
approaching it. The data from Table 8 were used to derive an expression 
for the rate constant of reaction (28) near tne high pressure limit: 
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Supmary of Results for NH2 * Acetylene 



Figure 16 




Figure 17 
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PRESSURE DEPENDENCE OF THE REACTION NHa+CoHg 






Tablt 8 


Arrhanlus Plot Data for NHg ♦ Acatylana at the High Pressure Unit 


Temperature 

(•K) 

# of 

Experiments 

‘S,i 

(cm^ molecule"^ sec“^) 

Pressure Range 
(torr) 

241 

17 

(5.59±0.71)x10“^^ 

25 only 

298 

78 

d.96±0.25)x10"’® 

10-50 

373 

19 

(7.12±0.06)x10”’® 

50-100 

459 

12 

(2.0810.02) xl0"'*5 

50-100 



I 
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kjj ■ (1.11±0.36 )x10"'3 ,-(1852±100>/^ 

3. Diaousslon 

Tb« only othor study of th« rats of rsaotion (28) was ptrformad by 
U6 

Hack at al. usln( tha saaa dlsoharga-flow systam as was dasoribad 
praviously with ragards to thair axparlnants with NH^ and athylana. Tha 
Hack at al data ara displayad in Fig. 18. Hack at al. usad tha sama aathod 
to ganarata NH 2 in thair aeatylana study as thay did for thair athylana 
study. Tha saaa possibla hoooganaous reaction (79). that of HH 2 with 0, 
that could have caused tha difference between thair results and those 
cited earlier in this study wiUi ragards to athylana could also be causing 
tha diffaranoa between thair acetylene results and tha acetylene results 
in this study. Because tha nathod of NH 2 production usad in this study is 
not subject to tha ehatnical and physical ooopllcations as tha Hack at al. 
study, tha results presented herein should be regarded with a auch h..~nar 
level of confidence. 

Tha axparimental conditions of vary low pressure (0.35 torr to 1.2 
torr) usad in tha Hack at al. study could not be duplicated using tha 
flash photolysis apparatus. At these pressures, k^^^ due to diffusion 
should increase draaatically (at 5 torr in this study, diffusion was 106t3 
sac'*^) while due to reaction (28) would drop because of insufficient 
acetylene (0.75 torr of acetylene would give k^^ of only -4 sec ‘ at 
298*K). Measureoents made under these conditions using the flash 
photolysis appsratus would generate an unacceptably high uncertainty and 
render any results so obtained meaningless. 

The pressure dependence of NH, * ^ 2^2 P*'***^*^^ behavior of H 


no 


•nd OH towards raaotien with C2H2 Tha praaaura daptndanoa in both 

tha H and OH raaotiona ia aora pronounead indioatinf that it ia aaaiar to 
atabiliza tha adduot and tha rataa of thaaa raaotiona ara auoh highar 
prlaarily dua to tha largar ^a-axponantial factor. Tharaoohaaioal 
oalculationa based on partial boi^ oontributions froa Banaon^^ indioata 
that adduct foraation should ba axotharaio and a poasibla parallel between 

09 

tha aachaniaa suggastad by Hlchaal at al. for OH and C2H2 and tha 
isoalaotronie NH2 with C2H2 could lead to tha formation of CH2CNH, an 
imina. No avidan*a to support this suggastion is availabla from this 
study . 

In coaparing tha ratas of raactions of NH2 with athylana and with 
acatylana, it was anticipatad that athylana would raach its high prassura 
limit fastar than acatylana bacausa tha athylana adduct has a highar 
nimbar of vibrational nodas availabla for radistributing axcass cnargy. 

Tha athylana raaction was fastar ind it raschad its high prassura limit at 
a lowar prassura. In tha athylana raaction, howavar, tha matathatical 
channal may dominata tha kinatics and adduct formation may not ba 
important until highar tamparaturas ara raachad. 

Tha uDaquivocal prassura dapandanca in tha rata of tha acatylana 
raaction loads to tha conclusion that at laast thara is an adduct forming 
channel for this raaction. If the matathatical channal is also 
significant, than, at the low pressure limit, will have soma finite 
value. This seams to be indicated by Fig. 17 . Unfortunately, lowar 
pressure experiments ware not possible with the technique used in this 


study. 
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THE RATE OF REACTION OF NH2 WITH PHOSPHINE 


A. ExptriwnUl Considtratlon t 

This ftudy pr«9«nts th« first rsportsd asasursiDsnt of tht rate of 
reaction of NH2 with PH^ by either direct or indirect methods. In studying 
the rate of this reaction, aeveral experimental considerations were made 
including testing for posaible secondary reactions, possible reactions of 
NH2 with products, and reducing light scattering due to particulate 
formation . 

Secondary process* s which may be important in this system in 
addition to ( 27 ), 


(27) NHj ♦ PHj * NHj ♦ PHg 


are: 


(75) NH2 


diffusion 

♦ 


(23) NH 2 ♦ ♦ M * NjKjj ♦ M 

kgj « 6.1x10“^® ca^ oolecule”^ sec”^ 


(83) H ♦ PHj • Hg ♦ PHj 


kg 3 (29a*K) « (3.76±0.32)x10"’^ cm^ molecule"’ sec"’ 
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(84) NHj ♦ PHj K N « NHjPHj 4> H 

aH^( 298 ) ■ *** ■ol**' 

(85) NH2 •»> PHj 4. M « NH2PH2 4> H 4. M 

4HJ(25J) ' •oU-1 

RMotlon (27) is Buoh fastsr than tha correspond in( reaotiona of 
NH2 with ethylene or acetylene and other NH2 ioss prooesaea auch as (75) 
or (23) beccae relatively much less significant and do not interfere. Zn 
addition, if low total pressures are used, the effects of teraoleoular 
loss processes are minimi zed. 

There was no evidence of reaction with products in any of the 
measurements condiMted. Multiple fill experiments gave identical rate 
constants to those which were derived from single fill experiments. First 
order rate constants did not change when flash energy was varied by a 
factor of as much as 5 and therefore, detectable interference by secondary 
reactions was ruled out. 

The effect of flash energy on reaction rate was probed further. 
Earlier experiments were run using a 175*0 nm filter and a LiF window in 
the outer chamber over the flash lamp; later experiments were performed 
using a suprasil window and 206.0 nm bandpass filter over the flash lamp 
in the outer chamber. According to Table 3, the photon flux incident on 
the cell was reduced by a factor of about H when switching from the 175*0 
nm filter to the 206.0 ns filter. Identical rate constants were obtained 
for both filter/window combinations indicating that even with the 
increased NH2 and H production when using the 175.0 nn filter, there was 
no increase in the rate of consixsption of NH2 radicals. Thus, any effect 
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due to secondary reaction was dismissed as being negligibly small. 

Values of measured (diffusion experiments) agreed with 
intercepts calculated fr«s vs tPH^] plots except in s few of the high 
temperature (373* K and 456*K) experiments, providing additional evidence 
to support the position that there was no Interference from secondary 
reactions. The few deviations that were noted at high temperatures 
displayed no pattern. These anomalies could have been due to small changes 
In the' total pressure of a mix during reaction runs due to absorption of 
ammonia onto glass surfaces; however, this was not deemed likely since 
pressure changes were always less than 0.1 torr, or only a few percent of 
the total pressure. Further, this ancxnalous behavior occurred only at high 
temperatures where surface adsorption should be least important. No other 
plausible source for this anomalous behavior has been determined. 

The formation cf a particulate of unknown composition was a 
problem that made NH 2 PH^ experiments difficult and eventually limited 
the conditions under which experiments were conducted. Particulate 
formation did not appear to Influence the value of the rate constants 
measured and could be avoided by adjusting reaction conditions. For 
example, when flashing a reaction mixture at total pressures above 10 torr 
at room temperature, the background photon count due to scattered laser 
light was observed to increase such that after 2 or 3 flashes, the 
background increased oy about 3 orders of magnitude over its normal value. 
With such high a background , no measurement of the NK 2 fluorescence signal 
was possible. At lower temperatures, this phenomenon occurred at total 
pressures greater than 5 torr while at higher temperatures, the onset of 
particulate formation occurred at pressures above 20 torr. It is 


riasonable that any particulate should form and stabilize at low 
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ttnperaturcs and high prcssurts wh«r« txocss thtrmal «n«rgy oan be 
absorbed by third bodies in oollisioo or by the vibrational aodes of the 
molecules in the particulate. In the extreme case, at very high pressures 
(50-100 torr), reflected scattering of the laser beam could even be 
visually observed in the side arm of the reaction cell. 

In order to avoid interference from scattered light due to 
particulates, only low total pressure conditions were examined. Low 
pressures did not adversely affect rate measurements, but did i»reclude the 
use of Uie flowing mode since it was not possible to accurately regulate 
low pressures using the existing apparatus. The pressure range used was 
later extended by introducing a Melles Griot polarizing window into the 
optical train just in front of the photomultiplier. The polarizer reduced 
reflectively scattered laser light versus fluorescent light by about an 
order of magnitude. 

In order to eliminate any other possible source of particulates, a 
complete replacement or cleaning of nearly all system glassware and valves 
was performed; fresh, high purity tanks of reagent gases were introduced. 
Neither change affected the conditions under which particulate formation 
occurred or the extent of particulate formation. 

It was thought that the particulate might be molecular phosphorus 

25 

formed by the Norrish mechanism , but when a mixture of only phosphine in 
argon was flashed, no particulate formation was observed. Particulate 
formation was, however, directly related to phosphine concentration in a 
mixture. 

It was also noted during experiments to elucidate the source of 
scattering that different gases caused the system to exhibit different 
degrees of light scattering as evidenced by the background photon count. 
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Background was noted to Increase linearly with gas concentration and the 
anplitude of background photon count depended on the gas introduced. This 
phenomenon was observed independently of the particulate scattering 
problem and was present even vrtien samples were not flashed. 

The possibility of fluorescence due to excited PH^ or 
photofr^ments of PH^ was eliminated. When a PH^ and argon mixture was 
flashed with the laser blocked , no fluorescence was detected . Light from 
the flash lamp plasma was not visible beyond the third channel of the MCA 
at the shortest time basvis used. 


B. Results 

All of the experiments were carried out under pseudo- first order 
conditions where [PH^] > [NHg]. The phosphine initial concentration was at 
least 6.6x10 molecules cm whereas the initial NHg concentration was 
estimated to be about 2x10^^ molecules cm~^. 

Figure 19 shows typical pseudo-first order decays for NHg 
fluorescence counts less background vs channel (converted to time in sec 
xIO^ for the time base used). These plots, which are linear over more than 
2 reactive decay lifetimes, represent a first order process over this 
interval. Appendix III contains a complete compilation of values of 
Tnese values are calculated from the slopes of net counts vs time plots 
such as shown in Fig. 19 for varying conditions of temperature, total 
pressure, acinonia concentration, phosphine concentration, and flash energy 
at which the measurements were made. The value of k^^^ for a given entry 
in Appendix III is the average value for that experiment under several 
different start and stop cnannel conditions. 
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Legend for Fig. 19 


Temperature 

("K) 

Total Pressure 
(torr) 

Flash Energy 
(J) 

[PH 3 ] 

(mtorr) 

CNHj] 

(mtorr) 

218 

2.5 

6.2 

27.34 

342 

246 

2.5 

8.9 

72.40 

302 

298 

2.5 

8.9 

74.98 

252 

363 

2.5 

8.9 

40.00 

400 


FLUORESCENT COUNTS LESS BACKGROUND 
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Figur* 19 


FIRST ORDER DECAYS OF NHz+ PH3 
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OF PC'''** 'v'- ■ 

If X « PH^, tquation (68) btooats: 

(86) k^3 . 

Equation (86) can be used to describe the bimolecular rate for the 
process: 


(27) NH2 ♦ PHj NHj ♦ PHg 

A plot of measured values of vs [PH^] yields a straight line 
whose slope is k^^^ and whose intercept is k^. A typical plot for a set of 
‘‘obs ^***^3^ 298* K and 5 torr total pressure with 250 mtorr of 

NH^ in each sample is presented in Figure 20. Table 9 suomarizes 
values obtained from a similar graphical analysis for each set of 
experiments listed in Appendix III. 

The average bimolecular rate constants for experiments at each 
temperature studied are also presented in Table 9. These values are 
displayed in an Arrhenius plot (Fig. 21). which is linear within the 
uncertainties cited, indicating a single reaction channel. The large 
uncertainty at low temperatures indicates that some curvature in the plot 
cannot unequivocally be dismissed. If such curvature did exist, it could 
be construed as providing some evidence for a possible second reaction 



channel. 
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Tablt 9 


Suomary for NH 2 * PH^ 


Temperature 

("K) 

^total 

(torr) 

[NH 3 ] 

(mtorr) 

# of 

Experiments 

kjji (x10^'‘) 

(cm3 molec"^ sec”') 

218 

2.5 

342 

8 

2.56±0.59 




12 

2.71±0.72 


5.0 

3**2 

8 

1.9610.45 

average at 218*K 

28 

2.41*0.40 

247 

2.5 

302 

9 

3.7840.52 




16 

2.3940.12 




18 

3 . 0940.22 




19 

3.7810.31 


5.0 

302 

16 

2 . 6610. 19 




17 

3 . 9340.13 

average k^j_ at 247 ‘ K 

95 

3.2740.65 

298 

2.5 

250 

20 

7.1210.30 


4.0 


200 
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5.4610.19 



280 

6 

5.9510.41 

5.0 

244 

20 

6.5510.40 

7.5 

366 

16 

6.3910.22 


750 

20 

5.5410.16 

10.0 

208 

7 

5.7810.12 


average at 298* K 


363 

2.5 

144 



205 


5.0 

205 



287 


average k^^^ 

at 36 3* K 

456 

5.0 

204 


10.0 

400 


20.0 

408 


at 456* K 


107 

6.1110.60 

13 

15.011.1 

23 

10.410.7 

21 

12.210.9 

10 

12.511.3 

67 

12.511.9 

11 

22.611.0 

12 

20.010.5 

11 

21.510.6 


34 


average k, 


21.411.3 


Tht txpcrlffltntally darlvad blmoltoular rat# oonstant la: 
k 2 j * ( 1.52±0.l6)xl0"^^ ^-(928±56)/T ^^^3 noitcula"' sao"^ 

I I 

ovar the temperature range 218*K to 456* K. The activation energy for the 
reaction is 1.84±0.11 kcal mole'^ 

C. Discussion 

i 

The activation energy of 1.8410.11 kcal/mole found here compares 
favorably with the prediction of an upper limit of 2»3 kcal/mole for 
reaction (27) made by Buchanan and Hanrahan^^. They radiolyzed a mixture 
of ammonia and phosphine at 296*K and at total pressures of 550 torr. Zn a 
mass spectrometric analysis of the reaction products, they identified 
phosphorus, hydrogen, and nitrogen. While they did not perform any rate 
constant measurements, they did compare the scavenging of NH 2 by PH^ with 
radical scavenging reactions by HBr and HI and predicted that phosphine 
should Scavenge NH 2 radicals in reaction with PH^ leading to the formation 
of PH 2 and NHj. 

The pre-exponential factor of (1 .5210. 16)x10 cm'^ molecule 
sec~^ found in this study Indicates a substantial steric factor. It is 
much lower than the frequency factor found for the reaction of H atoms 
with PHj, (4.52±0.39)x10“^^ cm^ molecule*^ sec“^ and for with PH^ of 
(2.7±0.06)xl0“^ ^ cm^ molecule”^ sec*^^^ This finding is consistent with 
the prediction of Laidler.^^ Laidler compares the reactions of atoms and 


radicals with various organic molecules and concludes that reactions 
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Figure 21 


ARRHENIUS PLOT FOR NHg + PHj 

TCK) 


1000 500 350 
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Involving mor* eoQpltx roaotantt will ahew lewar pra-ai(pOMBtlal faetora. 
Buohanan at al.^^ pradiot that raaotiona auoh aa NH 2 ♦ ahould not hava 
aubstantial atario faotora and oonoluda that tha rata eonatant for 
raaotion (27) ahould ba within ona or two ordara of oagnituda of tha rata 
of bimolcoular oolliaiona (•.10**^^ ca^ molaoula*^ aao'^). Uaing thia 
pradiotion and tha aotivation anargy maaaurad in thia atudy would load to 
a pra-axponantial factor in tha ranga of to cai^ nolaoula'^ 

aec**^. The raaulta of thia atudy lia at the low and of thair pradiction. 
Tha high valua pra-axponantial factor pradiction Bight aora likaly ba 
found for the looaa tranaition atate asaociated with atoB-aolacula 
abatraction reaetiona. 

The reaulta preaented here do not indicate any praaaure dapandanca 
of tha blBolecular rate eonatant. Thia aupporta the auggeation Bade hare 
that no NH 2 -PH^ adduct fonns. Thia finding ia eonaiatent with anargatic 
conalderationa. The adduct required the foraation of an N-P bond whoaa 
bond energy ahould be about 54 kcal/mole, interBedlate between that of tha 
N-N bond and tha P-P bond (59 and 48 kcal/mola reapectively)^^. Thia large 
an exceaa of energy would have to be removed by colliaion with a third 
body, H, in order to atabiliza adduct formation. Such a procaaa ia 
taraolaeular and could ahow a preaaura dependant rata eonatant (unleaa tha 
high preaaura limit ia reached by 2.5 torr). 

It ia entirely feaalbla from purely energetic a'^gumenta that the 
adduct, NHgPHj, could form from MHj ♦ PHj. PH 2 may be produced from PH^ 
by reaction (83). Then the overall proceaa would be exothermic by an 
estimated 23 kcal/mole (the P~H bond energy is -77 kcal/mole' }. If 
reaction (S3) occurred to a significant degree, then NH 2 PK 2 M could 
contribute to the consumption of KH 2 radicals. Again, however, this 
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proe«s« is t«rmol«oular and if alfnifieant hart ahould provida a praaaura 
dapandant rata oonatant (unlaaa tha raaotion la alraady at tha high 
praaaura limit). Raaotion (27) ahould than ba tha pradominant ohannal for 
NH 2 oonaunption baoauaa tha oonoantration of PH 2 radioala produoad by 
raaotion (83) 1* nuoh amallar than tha PH^ oonoantration. Furthar avidanoa 
againat adduot formation eomaa from tha atudy of Buohanan at al.^^, who. 
avan aftar radiolyais timaa of up to 40 houra, fail to dataot any avidanoa 
of adduot foraation. Sinca thair study was conduotad at 550 torr total 
praaaura and tha prasant s';u1y was conductod at total prassuras of 20 torr 
or lass, it is highly unlikaly that (84) or (85) is of any slgnificanca 
hara . 

Bond anargy-bond ordar, BEBO, activatad oomplax thaory, ACT, 

calculations wara parforaad (Appandix IV) using two diffarant hypothatical 

NH 2 -PH^ activatad oomplax oriantations. At 298”K, a linaar orientation 

(with N-H-P colinaar) gava a thaoratical pra-axponantial factor of 

1.33x10~^^ co^ molac~^ sae*^ , twice as large as did tha orientation with 

—12 

an arbitrarily selected N-H-P bant orientation, 6.68x10 . The bent 

orientation model, however, leads to a thaoratical pra-axponantial factor 

—12 

about a factor of four higher than that found axperimantally, 1.52x10 
ca^ molac'^ sac'\ Whereas tha thaoratical pra-axponantial factor had a 
1/T factor, which arises from the ratios of tha rotational partition 
function of tha adduct and reactants and from tha internal rotations, only 
the experimentally derived activation energy was temperature capendant. It 
appears that tne simple hard sphere picture used in the BEBO/ACT does not 
accurately portray tha gaonatry of the activated complex. With activated 
complex theory, molecule-molecule reactions always have a temperature 
oapanoent pre-exponential factor ana snow a curved Arrhenius plot. A 
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tlfhttr •etlvat«d ecapltx with awob aaallar ■esMta of inartia would load 
to eloaar airaaaant batwaan tha k faotM* aaaaurad and that ealeulatad for 
tha NH2-FHJ aotlvatad eoaplax. 

It appaara than, that tha raaotlon of NHj with prooaada by tha 
■atathatieal ehannal at tha taaparaturaa and praaauraa atudiad and that 
PH2 should ba a product of tha raaotlon. Tha abatraotion raaotlon of H ♦ 
PHj la faatar and should ba rasponsibla for a auoh hlghar PH2 production 
than la raaotlon (27). Finally, adouot formation la not anariatloally 
favorad, nor la thara any axparlaantal avldanoa to support a claim for 


adduct formation 


Chapter 5 


CONCLUSION 


The purpose of this study as stated in the introduction is to 
provir' 4 Planetary modelers witii measured rate constants for the reaction 
of NH2 witn phosphine, ethylene, and acetylene. ‘Diese rate constants could 
then be used in models to make predictions of the behavior of the Jovian 
atmosphere. The measurements made in this study were performed over as 
wide a temperature and pressure range as was experimentally possible. The 
resulting Arrhenius plots are linear within experimental error and, 
therefore, it is reasonable to extrapolate the results of this study to 
the colder temperatures of the Jovian atmosphere. The very slow rates of 
the NH2-hydrocarbon reactions did not permit measurements at as low a 
temperature as was studied for NH2 with phosphine; however, the linearity 
of the data indicates that the already very slow reacton rates would 
continue to decrease with decreasing temperature. 

Experimental conditions precluded performing higher pressure 
studies on NH2 with C2H2 which would have unequivocally established the 
high pressure limit of the rate constant. The pressure regime that was 
studied for the hydrocarbon reactions does, however, overlap the pressure 
range of interest on Jupiter. Pressures in the phosphine experiments were 
limited to about 20 torr due to possible particulate formation. There was 
no experimental evidence for any pressure effect and it appears that 
reaction (27) is entirely a metathetical reaction (abstraction of H by 
NK2). It is therefore reasonable that the phosphine data be applied to 
higher pressure conditions that prevail in tne Jovian regime of interest. 
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No further experlfflcnts for the rtaetion of NH 2 with phosphine appear to be 
either warranted or possible without major modifications to the apparatus, 
and then only to extend the temperature range over which the study could 
be done. 

In order to further examine the pressure dependence of reaction of 

NH 2 with acetylene, higher pressure studies must be performed. A laser 

45 

absorption experiment such as that performed by Lesclaux et al. is the 

method of choice for the reasons stated in Chapter 2. On the other hand, 

in neither of the hydrocarbon reactions was the low pressure limit 

examined. To do so would require additional experiments for which the flow 

discharge method would be most suited. A number for the low pressure limit 

would be Invaluable in helping to determine if there is more than one 

reaction channel occurring in these reactions. 

The study appears to have resolved at least part of the 

discrepancies that existed coucerning the rate of reaction of NH^ with 

ethylene. The agreement of the ethylene results presented here with those 
45 51 

of Lesclaux et al. and Khe et al. stands in contrast to the results of 
46 

Hack et al.. It is impossible to unequivocally point to the cause of 
disagreement, but it appears that the p>ossibility of the reaction of NH^ 
radicals with 0 atoms generated by the microwave discharge of oxygen, or 
by the heterogeneous reaction of F with the glass flow tube walls or with 
water adsorbed on the flow tube system walls is the most likely cause. An 
alternative method of NH 2 radical preparation might be achieved using a 
pulsed laser as a flash source for NH 2 coupled with the use of laser 
induced fluorescence for NH 2 radical detection. Since the system used in 
this study is the mojt sensitive method over the temperature and pressure 
range studied and it avoided the pitfalls of secondary reactions, reaction 
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with products and interfering heterogenr.ous reactions, it is suggested 
that the results presented here should merit the highest degree of 
confidence . 

While any detailed discussion of the implications of the results 

presented here for Jovian models is beyond the scope of this work, seme 

qualitative observations can be made. The results presented here lead to 

the conclusion that the coupling reaction between NH 2 and PH^ is much 

53 23 

slower than that predicted by Buchanan et al. . Strobel stated that the 
rate of reaction of NH 2 and PH^ must be cm^ molec”^ sec“^ in order 

to compete with the reaction of NH 2 with itself in the Jovian atmosphere. 
Since he only hsi available the much faster rate of Buchanan et al., he 
concluded that PH^ inhibits the photochemical destruction of NH^ by 
scavenging NH 2 radicals. Strobel also concluded tiiat the coupling reaction 
provides some recycling of NH^ in the Jovian atmosphere. It is suggested, 
based on the results presented here, that such a coupling is negligible 
and that the coupling reaction is too slow to be of any significance in 
recycling NH^ in the Jovian atmosphere. 

Likewise, the rates of the other two reactions measured appear to 
be too slow to be of any significance in providing an NH^ reservoir in the 
Jovian atmosphere. If the formation of an adduct between NH 2 and either of 
the unsaturated hydrocarbons studied could lead to the ketene analog, 
CH 2 CNH, as speculated in Chapter 3, it is possible that trace amounts of, 
ethylamine might be detected in the Jovian atmosphere. A mass spectral 
analysis of the products of reactions (28) and (29) could also provide 
support for this conjecture. 

The question of the source of the red chromophore of the Jovian 
atmosphere has been brought closer to solution. The coupling reaction 
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between NH^ and phosphine may now be ruled out as a source of PH 2 « the 
reaction of H with PH^, however, still provides a viable alternative for 
PH 2 generation, especially If the hydrogen concentration Is greater than 
current estimates (maxlmun of 1.8x10 molecule/ cm'’ just above the 

Qg 

tropopause)’ It appears that the final resolution of this problem rests 
with observations such as might be provided by the planned Galileo Jupiter 
orbiting mission. 

Significant work rerain^ with regards to PH^ kinetics. For 
example, the source and composition of the particulates observed formed 
in this study remains a mystery. In comparing experiments in which 
PH^/ argon mixtures were flashed with those In which ammonia, phosphine, 
and argon were flashed, it appears that the production of particulates In 
the latter, and not in the former, may possibly be explained by the degree 
of hydrogen atom production in the two experiments. If the absorption 
coefficient of NH^ is much greiter than that of PH^ under the optical 
conditions used, then the higher production of H by NH^ photolysis could 
lead to significant PH 2 production via reaction (83). A weak PH^ 
absorption might provide insignificant PH 2 production. A simple experiment 
might be performed in which H atoms (for example from CH^ photolysis) are 
reacted with PH^. The appearance of detectable scattering under the same 
conditions of temperature, pressure and phosphine concentration as used 
here would help to support this hypothesis. 

This study establishes the limitations of some of the p>ossible 
coupling schemes that might have provided an ammonia reservoir in the 
Jovian atmosphere. This information should enable modelers to eliminate 
three of the potential coupling schemes that could have provided ammonia 
reservoirs in the Jovian atmosphere. It appears that the thermal 
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decomposition of hydrazine and the subsequent ammonia regeneration by 

1 

reaction of NH2 with abundant H2 in the Jovian interior must take on 


increasing importance in any ammonia regeneration scheme 
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APPENDIX I 


NHg ♦ CgH^ Data 


Temperature 

(“K) 

CAr] 

(torr) 

CNH^] 

(mtorr) 

tCjH,] 

(mtorr) 

Flash Energy 
(J) 

**obs 

(aec”^ 

250 

10 

475 

0 

8.9 

23±2 






20 ±1 






25 ±2 





12.1 

24 ±1 






23 ±1 





15.8 

21 ±1 




554 

6.2 

27 ±1 





8.9 

27 ±2 





12.1 

29±1 






25 





15.8 

26 ±1 




1426 

8.9 

35 ±2 






32 ±1 





12.1 

36 ±1 






30±1 





15.8 

35 11 




2384 


34 ±1 




8.9 

3711 






36 





12.1 

36 ±2 





15.8 

3812 


132 




Tefflperaturt CAr] [NH^] CC2Hj^] Flash Enargy 

(*K) (torr) (Btopr) (ntorr) (J) (sac 


250 25 1118 0 2.2 11±1 

4.0 10 

6.2 12t1 

8.9 9t1 

12.1 lOil 

10±1 
1U1 

1207 2.2 I8t1 

4.0 25±1 

6.2 20t1 

8.9 22±1 

12.1 2512 

15.8 26±1 

2235 ‘t.O 2511 

6.2 2711 

8.9 2711 

12.1 3211 

3353 4.0 2712 

6.2 2911 

8.9 3012 

12.1 3211 

15.8 3212 

447 0 4.0 3312 

6.2 3611 

8.9 3411 

12.1 4012 

15.8 37±1 

5588 4.0 4011 

6.2 3812 

8.9 4211 

12.1 43 

15.8 4211 
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Temperature 

(TC) 

CAr] 

(torr) 

CNHg] 

(mtorr) 

CC2H,,] 

(mtorr) 

Flash Energy 
(J> 

**obs 

(sec“^) 

250 

50 

2235 

0 

2.2 

7 





4.0 

7 





6.2 

1211 





8.9 

911 





15.8 

1211 




2414 

6.2 

27 ±1 





8.9 

25 ±1 





12.1 

3011 





15.8 

33A1 




4470 

6.2 

33 11 





8.9 

4212 





12.1 

4215 






4611 





15.8 

4812 




6705 

8.9 

56l5 





12.1 

5412 






5113 





15.8 

6112 




8940 

12.1 

7014 






6913 





15.8 

7114 

298 

10 

400 

0 

6.2 

24 ±1 





8.9 

2512 






2611 





12.1 

3113 






3214 





15.8 

2915 




467 

6.2 

4412 





8.9 

3f ±4 






3tl4 





12.1 

46 14 






46 14 





15.8 

3613 




1220 

6.2 

49 14 





8.9 

5015 





12.1 

4914 





13.9 

5218 






5314 





15.8 

4613 




2000 

6.2 

5712 





8,9 

5911 





12.1 

6214 





13.9 

62 





15.8 

62 11 
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T«mp«ratur* 

Ur} 

CKH,) 


Flash Enargy 

*^oba 

(•K) 

( torr) 

(ffltorr) 

(mtorr) 

(J) 

( sac“^ ) 


298 

15 

600 0 

6.2 

20±1 



10.5 

26 12 





22 ±1 




12.1 

2112 





2512 





18 11 





21 



700 

M.O 

31 l 2 




6.2 

3214 





3213 




10.5 

3414 





3413 




12.1 

3312 





3812 



1830 

8.9 

5511 




12.1 

55=2 




13.9 

5414 





54 11 




15.8 

5511 



3000 

12.1 

6511 




6514 




13.9 

6811 





6911 




15.8 

7111 
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T«np«raturt 

[Ar] 

CNH^] 

CCgH^j] 

Flash Enarsy 

** 06 $ 

(•K) 

(torr) 

(ntorr) 

(ntorr) 

(J) 

(aac“') 


298 

15 

600 

0 

1.5 

26t2 





2.2 

27 11 





M.O 

25 ±2 






26 12 





6.2 

2811 






27tl 





8.1 

2611 






28 





12.1 

2812 






28 





- 15.8 

2512 




515 

1.5 

31t2 





2.2 

3011 





«.o 

3013 





6.2 

3013 





8.9 

3212 





12.1 

3112 





15.8 

3112 




705 

M.O 

35 U 





6.2 

3712 





8.9 

3511 





12.1 

3712 





15.8 

3613 




1250 

2.2 

3811 





M.O 

4211 





6.2 

49 





8.9 

4411 





12.1 

4412 





15.8 

43*2 




1825 

2.2 

4914 






52110 





M.O 

5111 






52 12 





6.2 

5111 





8.9 

61 iM 






5611 





12.1 

5811 




3000 

6.2 

6614 





8.9 

68 





12.1 

6415 





15.8 

Till 
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OF POOH QU^LirY 


T«Bp«ratur# CAr] CMH^J tC2H||] Flash Enargy 
(*K) (torr) (mtorr) (ntorr) (J) 


^obs 

(sae"b 


298 25 1000 0 


1167 


3051 


5000 


6.2 

2213 

8.9 

2212 

12.1 

2411 


2413 

13.9 

2412 


2611 

15.8 

2513 

6.2 

4311 

8.9 

4311 


4112 

12.1 

4412 

15.8 

4612 

12.1 

77 IT 


72x6 

13.9 

7012 


6912 

15.8 

7111 


8015 

8.9 

9217 

12.1 

9413 


9611 

13.9 

9911 


8812 

15.6 

8712 
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6f POOR QUALiTY 


Tamptraturt CAr] CNH^j [C 2 H^] Plash Enargy 
(*K) (torr) (Btorr) (atorr) (J) 


^a 

( aac“^ ) 


296 25 1463 0 


781 


1563 


2344 


6.2 

I6t2 


14i1 


I5t1 

8.9 

13 ±1 


1712 


1612 

12.1 

1611 


1611 


16 

15.6 

1912 

6.2 

2511 


2311 


2312 

8.9 

25 11 

12.1 

2411 

15.8 

23l1 

6.2 

3212 

8.9 

2912 


3412 

12.1 

3812 

15.8 

3112 

6.2 

4213 

8.9 

4211 


4012 

12.1 

44 

15.8 

3813 
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[Ar] CNH^J 
(torr) (Btorr) 


Fluh Cntriy 


298 25 938 0 2.2 20±1 

4.0 19 t 1 

6.2 19 

8.9 1911 

12.1 2112 

15.8 2111 

800 4.0 2712 

6.2 2913 

2711 

8.9 2812 

2811 

12.1 2713 

15.8 2911 

1625 2.2 3812 

4.0 40 t 1 

6.2 3911 

8.9 4013 

12.1 4014 

15.8 4412 

2572 4.0 52 l 3 

6.2 5413 

8.9 5712 

12.1 5614 

5514 

15.8 5813 

3 A 41 6.2 6712 

8.9 7016 

7112 

12.1 7212 

7011 

15.8 72 i 5 

4 W 6 6.2 7913 

8.9 84 i 4 

8812 
8213 

12.1 8115 

15.8 8312 


L 





iL. 


OF POOR QUALITY 


141 


T«ap«r.tur« [Ar] iM^l [CgH,,] Flash Enargy 

(•K) (torr) (mtorr) (mtorr) (J) (s*c"b 


298 25 1 000 0 ^ 12.1 

15.8 

1167 8.9 

12.1 

15.8 

3051 8.9 

12.1 

15.8 

5000 13.9 

15.8 

17.9 


15t1 

1511 

18 

1812 
2011 
2411 
2812 
2713 
28 
32 12 
38 12 
4313 

4511 
4111 

4512 
5912 
5713 
6012 
6011 
6111 


298 35 1400 0 8.9 


1211 

12.1 1211 

1111 
1312 

1634 4.0 3811 

6.2 4312 

4311 

8.9 4711 

4712 

12.1 4812 

4271 12.1 8912 

8411 

13.9 8114 

8411 

15.8 82+3 
77+3 

7000 12.1 110 i 3 

111*8 

13.9 104+4 
107+2 

15.8 116+3 

12013 
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ORliiiUMix >- 

OF POOR QUALITY 


T«ap«ratur* 

(•K) 


tAr] 

(torr) 


CHHj] 

(otorr) 


(mtorr) 


Flash Enargy 
(J) 


obs 

(sac"') 


298 


1000 


0 

2.2 

1011 

711 


4.0 

1011 

10 


6.2 

10 

13 t 2 


8.9 

13 


15.8 

1111 

625 

4.0 

2111 


6.2 

23 11 


8.9 

3212 


12.1 

28 


- 15.8 

3211 

1250 

6.2 

3711 

3511 


8.9 

36 13 


12.1 

4312 


15.8 

46 i 2 

2500 

2.2 

3212 


4.0 

3911 

3711 


6.2 

44 

3750 

2.2 

5112 


4.0 

5212 


5.0 

5012 

5000 

2.2 

5711 


4.0 

71112 


6.1 

5915 


8.9 

7113 
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ORIGINAL p; 
OF PCO’I Ql 


• * 

Cv^ 


ni s^ry 

* ■ I 


T«fflp«rature CArl 
(*K) (torr) 


CNHj] tCjHj,] Flash Energy 
(mtorr) (mtorr) (J) (sec“^) 


298 


373 


100 666 0 

572 

1389 

3333 

5 500 0 

1309 

2397 

3595 


6.2 

1411 

8.9 

I6l2 

12.1 

1811 

6.2 

18±2 

8.9 

2111 

12.1 

2112 

15.8 

2012 


2212 

6.2 

3015 

8.9 

3012 

12.1 

3312 

15.8 

3318 

8.9 

44 11 

12.1 

4812 

15.8 

5611 


6314 


4.0 

5514 

8.9 

5912 

15.8 

5218 

4.0 

9513 

8.9 

10314 

15.8 

10614 

4.0 

139 ±4 

8.9 

131 ±1 

15.8 

13613 

4.0 

174111 

8.9 

18115 

15.8 

16811 
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OF POOR QUAUTt 


Tefflperttur® [Ar] [NH^] CCgH^] Flash Energy 

(•K) (torr) (mtorr) (mtorr) (J) 


**obs 

(see”') 


373 10 468 0 6,2 

^ ^ 8.9 

12.1 

15.8 

500 250 6.2 

8.9 

12.1 

15.8 

500 6.2 

8.9 

12.1 

15.8 

749 8.9 

12.1 

15.8 


40±2 
45 ±1 
41 ±4 
4112 

58 ±1 

59 ±3 
6211 
5211 
6113 
61 

5712 

62 

6013 
7516 
6412 
8613 
69 ±4 
7217 


373 25 1169 0 


1249 624 


1249 


1873 


6.2 

8.9 

12.1 

15.8 

8.9 

12.1 


15.8 

8.9 

12.1 


15.8 

8.9 

12.1 

15.8 


1911 
2012 
2013 
1913 
1811 
42 11 
39 ±3 
3912 
4211 
4711 
41 11 
6912 
5915 
6014 
62 

6112 
6113 
78 12 
8314 
74 i 1 
7412 
74±2 


? 


onic:r:*i t ^ - 

OF poor* Q'J#iliTY 


Tefflptrature 

tAr] 

[NH^] 


Flash Enargy 

*^oba 

(•K) 

(torr) 

(mtorr) 

(mtorr) 

(J) 

(sao”^ 


373 

25 

749 

0 

2.2 

21±2 





4.0 

23 ±1 





6.2 

24 





8.9 

26 ±2 





12.1 

23±1 





15.8 

26 




639 

4.0 

45 ±3 





6.2 

49 12 





8.9 

50±1 





12.1 

53 ±2 





15.8 

53±1 




1298 

4.0 

77 ±2 





6.2 

83 ±1 





8.9 

79 ±1 





12.1 

82 ±1 





15.8 

80 ±3 




2055 

4.0 

94 ±6 





6.2 

96 ±3 





8.9 

93±1 





12.1 

104 ±4 





15.8 

106 ±1 




2749 

6.2 

124 ±2 
131^5 





8.9 

13212 






13614 

13012 





12.1 

13714 

13212 





15.8 

13412 

137*5 


373 

35 

1118 

0 

13.9 

18*1 





15.8 

21*2 






20*2 





17.9 

1611 






I61I 




1305 

15.8 

66 *3 






7112 





17.9 

70*5 






69*1 




3412 

15.8 

125 13 





17.9 

11«i1 


f 


1«6 


OF ponn QUA 


TMptratur* CAr] CNH^l CC2H^] Flash Enargy 

(*K) (torr) (mtorr) (mtorr) (J) (sac“^) 


373 25 799 0 8.9 

12.1 

15.8 

932 15.8 


17.9 

2438 13.9 

15.8 

17.9 

3995 13.9 

15.8 

17.9 


2611 

3514 

2912 

3811 

5911 

6011 

6212 

5211 

9816 

9411 

9213 

9814 

14416 

13713 

15218 

14813 


465 25 603 512 

1046 

1655 

2215 

2836 


6.2 

6811 

8.9 

6214 

12.1 

7017 

15.8 

69 14 

6.2 

9814 

8.9 

10612 

12.1 

10116 

15.8 

10819 

6.2 

13415 

8.9 

152113 

12.1 

139111 

15.8 

14913 

10.5 

196 i 1 

12.1 

200126 

13.9 

19219 

15.8 

210114 

12.1 

254128 

13.9 

23218 

15.3 

278125 
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^^4 i •. j -' A, s" >■'■ - j — ; 

OF FOU;7 QUALiT’f 


Ttfflptraturt 

CAr] 

CNHj] 

CCgH^] 

Flash Enargy 


(•K) 

(torr) 

(mtorr) 

(mtorr) 

(J) 

<sac”b 

460 

25 

651 

0 

13.9 

48 12 





15.8 

41 ±1 






49 





17.9 

41 ±1 






50 12 




759 

15.8 

96 ±4 






96 ±1 





17.9 

94 ±3 






82 ±3 




1985 

15.8 

156 15 
145 ±25 





17.9 

159 ±25 
146 ±8 

465 

25 

1001 

0 

4.0 

39 ±2 





6.2 

38 ±3 





8.9 

4013 





12.1 

39±1 






38 ±4 





15.8 

45 ±2 




1003 

6.2 

88 ±3 





8.9 

89 ±3 





12.1 

98 ±2 






98 ±3 





15.8 

95 ±6 




1504 

6.2 

121 ±6 





8.9 

121 ±6 





12.1 

120 ±12 
115i6 





15.8 

12348 




2002 

6.2 

154 ±2 





8.9 

150 ±2 





12.1 

156 ±3 
148 ±8 





15.8 

159±5 




2503 

8.9 

189 ±18 





12.1 

192±14 
198 ±6 





15.8 

196115 




3003 

8.9 

21712 





12.1 

23616 





15.8 

229 ±4 


148 




OF POOn QUAUTf 


T«np«rature CAr] [NH^] CC2H^] Flash Entrgy 

(*K) (torr) (ntorr) (mtorr) CJ) (sec”S 


465 35 841 0 


719 


1449 


2293 


3100 


3962 


4.0 

34 ±4 

6.2 

32 ±2 

8.9 

34 tl 

12.1 

36 ±3 

15.8 

35 ±1 

6.2 

7315 

8.9 

7617 

12.1 

5714 

6712 

15.8 

7712 

8.9 

10912 

12.1 

10416 

113112 

15.8 

107111 

11319 

8.9 

17312 

12.1 

15416 

15.8 

16218 

14917 

12.1 

20019 

13.9 

19015 

15.8 

204119 

24212 

13.9 

282119 

15.8 

275113 

266112 


460 ■ 


0 

4.0 

9916 


8.9 

10717 


15.8 

10216 

845 

4.0 

14217 


8.9 

13218 


15.8 

141111 

135111 

1923 

4.0 

17813 


8.9 

176111 


12.1 

17213 


15.8 

18619 

2878 

8.9 

213111 


12.1 

215 H 2 


15.8 

206 ±14 


OF PCC ; ■ O' : 


APPENDIX U 


NH2 ♦ C2H2 Data 



i^9 


ORIGINAL r M 

OF POOR O /mLITJU 


T«ap«ratur* [Ar] CNH^] CC2H2] Flash Enargy 

(*K) (torr) (mtorr) (mtorr) (J) (sao“^) 


298 


298 


25 1000 


25 957 


0 

1296 

2500 

3750 

5000 

0 

1000 

3000 

5000 


1.5 

4.0 

8.9 

15.8 

4.0 

8.9 

15.8 

4.0 

8.9 

15.3 

8.9 

15.8 

4.0 

15.8 


2.2 

4.0 

6.2 

8.9 

12.1 

1.5 

2.2 

4.0 

6.2 

8.9 

2.2 

4.0 

6.2 

8.9 

4.0 

6.2 

8.9 

12.1 


11±2 
1111 
1111 
13t2 
17i1 
17t2 
19t1 
27 12 
2611 
2711 
3212 
3612 
3911 
4613 
4813 

4713 


1012 

1011 

1311 

1212 

1211 

1511 

1711 

2012 

2112 

1711 

2313 

1911 

2611 

26 

26 12 
3212 
3514 
4012 

3912 

M5n 


ORiwitiAsu fsJ 

OF POOR QUALITY 151 


TMptraturt 

(•K) 

Ikr} 

(torr) 

CNH^] 

(otorr) 

tCgHg] 

(ntorr) 

Flash Enargy 
(J) 

*^oba 

(aao“^) 

298 

25 

600 

0 

4.0 

17±1 






18t1 





8.9 

20t1 






19t1 





15.8 

20 ±2 






2U1 




1130 

12.1 

24±1 





15.8 

27 12 




4675 

8.9 

52±5 





12.1 

52±5 





15.8 

52 ±4 


298 

25 

1000 

0 

1.5 

4.0 

17t1 

15±1 





8.9 

13t1 





15.8 

1411 




3000 

2.2 

35 





4.0 

35 





8.9 

36 





15.8 

38 





20.0 

40 


298 

50 

800 

0 

4.0 

8.9 

611 

8±1 






8±1 





15.8 

7±1 




1250 

4.0 

13*1 





8.9 

15*1 





15.8 

17±1 




2500 

4.0 

19*1 





8.9 

2012 





15.8 

2412 




3750 

8.9 

26l2 





12.1 

26 11 





15.8 

3013 
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o;‘pOOR QU^^LiTY 


Ttaperatur* 

(•K) 

CAr] 

(torr) 

tNHj} 

(mtorr) 

tCjHgl 

(Btorr) 

Flash Enarfy 
(J) 

*‘oba 

(aac“^) 

373 

5 

320 

0 

4.0 

65t1 





8.9 

67 13 






65 ±9 





15.8 

6513 






6611 




1284 

4.0 

9114 





8.9 

9219 





15.8 

9114 






8818 




2397 

4.0 

10015 





8.9 

10319 





15.8 

103 16 




3250 

8.9 

11414 





12.1 

11615 

yti 

10 

479 

0 

3.1 

3213 





8.9 

2512 






2911 





15.8 

3312 




999 

1.5 

5417 





4.0 

4912 





8.9 

5415 





15.6 

5112 




1997 

4.0 

59A1 





8.9 

6713 





15.8 

7414 




2996 

4.0 

7212 





8.9 

7713 





15.8 

8011 




3995 

4.0 

9413 





8.9 

10118 





15.8 

9916 
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oRiGsrmi. 

OF POOR QUAuiTY 


Ttaptraturt 

tArl 

lNHj3 

tCjHg] 

Flaah Cnorty 


(•K) 

( torr) 

(■torr) 

(Btorr) 

(J) 

(••o"b 

375 

25 

1237 

0 

1.5 

4.0 

I8t1 

14 





8.9 

1612 






1812 





15.8 

1811 




1349 

1.5 

4715 




4.0 

4114 





8.9 

5412 





15.8 

5313 




2M87 

4.0 

6413 





8.9 

6613 






64±1 





15.8 

6812 




3709 

4.0 

73 




8.9 

8614 






8014 





15.8 

9116 




4959 

8.9 

9213 




12.1 

9612 





15.8 

11015 






12213 

373 

50 

799 

0 

8.9 

1311 

14 





15.8 

1211 




799 

12.1 

3111 




15.8 

36 11 






3011 




1598 

12.1 

51 




15.8 

4912 

373 

100 

795 

0 

4.0 

8.9 

811 

811 





15.8 

811 




1240 

4.0 

3411 





8.9 

3711 





12.1 

3511 




2384 

8.9 

64 12 





12.1 

5813 





15.8 

5814 




3576 

15.8 

8816 





94 15 


oRir^ir:*! 

OF POOR QU/.LS1T 


T«ptratur« 

CAr3 

CNH^] 

CC2H2] 

Flash Enargy 

^oba 

(•k) 

(torn) 

(Btorr) 

(atorr) 

(J) 

(aao“b 

460 

5 

260 

0 

4.0 

11016 





8.9 

107110 





15.6 

102110 




1044 

4.0 

135 18 





8.9 

13517 





15.8 

13I1I 






13814 




1948 

4.0 

175 





6.9 

16317 





15.8 

17813 




2641 

4.0 

20817 





8.9 

22019 





15.8 

215110 

455 

10 

393 

0 

4.0 

8713 


73±3 

8.9 86±<i 

8212 

15.6 8515 

7512 

819 <1.0 103l3 

8.9 10814 

10018 

15.8 10414 

10217 

1637 4.0 112^ 

12412 

8.9 127t5 

118±6 

15.8 12416 

139t3 

2456 4.0 152112 

14314 

8.9 15817 

149117 

15.8 15917 

3275 4.0 181110 

19918 

8.9 20415 

183110 

15.8 19519 

18313 


155 


OF POCU QUaLh V 


Temperature 

CAr] 

CNHj] 

CCgHg] 

Flash Energy 


(•K) 

(torr) 

(mtorr) 

(mtorr) 

(J) 

(sec"^) 

463 

25 

1004 

0 

4.0 

38±1 





8.9 

39±2 






38±3 





15.8 

4514 






3813 






4412 






4112 




1091 

4.0 

9945 





8.9 

11015 





15.8 

10418 




2034 

4.0 

14019 





8.9 

129112 





15.8 

14015 

15418 




3018 

8.9 

19513 





15.8 

212119 




4026 

12.1 

257121 





15.8 

25619 

448 

25 

1000 

0 

1.5 

3711 





4.0 

3314 





8.9 

3012 






3713 






3513 





15.8 

3514 




1950 

4.0 

121113 

• 




8.9 

11213 

12714 





15.8 

14715 

13211 




3348 

8.9 

19217 





15.8 

19918 

195114 
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PA-;-- 

Of FOCP. 


Temptrature 

CArl 

CNHj] 

CCjHjJ 

Flash Enargy 

^obs 

(•K) 

(torr) 

(mtorr) 

(mtorr) 

(J) 

(sac"^ 


“63 

50 

805 

0 

4.0 

2111 





8.9 

2212 





15.8 

2112 




1275 

4.0 

7813 





8.9 

9014 





12.1 

88 ±5 





15.8 

89±3 




2575 

8.9 

170119 





15.8 

15615 




3852 

15.8 

272117 

259118 




5169 

15.8 

372131 

361129 

i »54 

100 

819 

0 

4.0 

2413 





8.9 

2611 





15.8 

2111 




910 

8.9 

79113 

7212 





12.1 

8111 





15.8 

6413 




2042 

8.9 

12813 





12.1 

14815 





15.8 

15017 




3268 

12.1 

240121 





15.8 

250128 




4084 

15.8 

355140 


r.c; 

OF FOOJ? QUALITY 

Appendix III 


NH^ ♦ PH^ Data 


Traparatura 

tAr] 

CNHj] 

tPHj] 

Flash Energy 

‘‘obs 

(•k) 

(torr) 

(mtorr) 

(mtorr) 

(J) 

(sec ) 

218 

2.5 

3«2 

34.17 

24 

85±3 





35 

105±6 





47 

99±5 





62 

105±15 




68.34 

24 

123±6 





35 

118±6 





47 

127±7 





62 

139±2 

218 

2.5 

3«2 

27.34 

24 

146±12 





35 

149±2 





47 

154±11 





62 

149±8 




54.68 

24 

138t10 





35 

145±17 





47 

131t12 




82.02 

35 

190±11 





47 

186±12 

180i3 





62 

208±10 

214t24 

218 

5.0 

3'«2 

23.24 

35 

63i5 






5749 





47 

6246 





62 

601 3 




U6.48 

35 

7543 





47 

8412 






701 3 





62 

7247 

2«7 

2.5 

302 

60.32 

35 

11046 





47 

125412 

13046 





62 

124114 

130117 




90.48 

47 

16547 

161+6 





62 

151+8 
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Temp«rttur* [Ar] [NH^] tPH^] 


Flash Energy 


obs 


(*K) 

(torn) 

(ratorr) 

(mtorr) 

(J) 

(sec“^) 

247 

2.5 

302 

0 

16 

115±19 





24 

114116 





35 

116125 





47 

102116 




24.1 

16 

133±10 





24 

135±6 





35 

130119 





47 

129±9 




48.3 

16 

156±8 





24 

14616 





35 

149124 





47 

148±14 




72.4 

16 

162±2 





24 

170±13 





35 

171±11 





47 

169±23 

247 

2.5 

302 

0 

16 

102110 





24 

96114 





35 

100118 





47 

104116 




30.16 

9 

117±8 





16 

122±7 





24 

127±11 





35 

12019 




60.32 

4 

131±7 





16 

155 





24 

130±12 





35 

152±7 





47 

146123 





62 

158112 




90.48 

24 

199116 





35 

192114 





47 

18313 





62 

199146 
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Teop«ratur« 

Ck) 

CAr] 

(torn) 

CNHj] 

(mtorr) 

tPHj] 

(mtorr) 

Flash Enargy 
(J) 

*'obs 

(sae"S 

2U7 

2,5 

302 

0 

16 

127±9 





24 

108111 





35 

14415 





47 

11817 




24.1 

16 

15115 





24 

15317 






155 I 8 





35 

17012 





47 

152110 




48.3 

16 

189±5 





24 

187118 






18016 





35 

216128 





47 

184113 




72.4 

16 

21211 





24 

21719 





35 

21914 






20111 





47 

20918 

2U7 

5.0 

302 

0 

16 

62116 





24 

6416 





35 

6213 





47 

73110 




24.1 

24 

93122 





35 

77110 





47 

9017 





62 

9516 




48.3 

24 

10515 





35 

104111 





47 

116122 





62 

10919 




72.4 

24 

138 





35 

12714 





47 

12912 





62 

11816 
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T«np«r*tur« [Ar] [NH^] [PH^] Flash Energy 

(*K) (torr) (mtorr) (mtorr) (J) (sac“^) 


2M7 


298 


5.0 302 0 


20.51 


41.02 


61.53 


2.5 249.5 0 


50.00 


251.8 74.98 


35 

3412 


3616 

47 

3613 


3912 


4114 

62 

3615 

35 

6616 


66±7 

47 

6314 

62 

5513 

35 

88116 


8313 

47 

84±5 

62 

9219 

35 

11415 

47 

121110 

62 

115H1 


11.2 

7514 

16 

89i5 

35 

8915 

47 

7914 

9 

20716 

16 

19618 

24 

196112 

35 

206122 

47 

20911 9 

15 

26216 

24 

253110 

289112 

35 

27017 

276121 

47 

284±8 

9 

289110 

16 

292±12 

24 

308113 

35 

33417 

47 

315110 


250.0 


100.0 


161 


Temp«r«tur« [Ar] [NH^] 
(*K) (torr) (mtorr) 


tPHj] 

(mtorr) 


Flash Enargy 


(sae“S 


4.0 200 




365.63 



62 

52±9 

40 

35 

112±6 


47 

119±8 

133±4 


62 

131±9 

60 

35 

177 

152±16 


47 

155±17 


62 

144±7 

80 

35 

196±10 

193*7 


47 

200t20 


62 

188±8 

0 

37 

120±2 

48 

24 

195122 


37 

197113 

72 

24 

263*17 


37 

256119 

96 

37 

298*6 

0 

9 

3012 


16 

3815 

4019 


24 

39*2 


35 

3412 


47 

3313 

45.20 

16 

14118 

# 

35 

132*13 


47 

119*11 

68.06 

16 

173*24 


24 

152*18 


35 

179*7 


55 

166*23 

90.0 

24 

239*21 


35 

227*36 


47 

220*25 


4 
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T«mp«raturt 

(•K) 

Ur] 

(torr) 

[NHj] 

(mtorr) 

CPHj] 

(mtorr) 

Flash Energy 
(J) 

**oba 

(aec*^) 

298 

5.0 

2H3.75 

0 

37 

73t12 





56 

8213 





81 

8017 





110 

8012 




30.13 

9 

132^5 





16 

137110 





24 

16012 






178112 





35 

14218 





47 

14118 




45.38 

9 

17419 





16 

16717 





24 

18019 





35 

20019 





47 

17415 




60.00 

9 

215116 





16 

194114 





24 

205116 





35 

215116 





47 

20116 


298 

7.5 

750 

0 

16 

5914 





24 

6116 





35 

5412 





47 

5612 





62 

6016 




39.38 

16 

13318 





24 

13111 





35 

13719 





47 

14717 





62 

146115 




80.81 

16 

20515 





24 

198114 





35 

212112 





47 

197114 





62 

21317 




120.0 

16 

265122 





24 

28814 





35 

263116 





47 

266113 





62 

300137 
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T«mp«raturt [Ar] 


CNH^3 


(torn) (mtorr) 


10.0 208.3 


1*13.7 


tPHjl 


(ntorr) 


Flash Enargy 
(J) 


(stc'S 


0 

9 

30*3 


16 

28*1 

25 

9 

79*4 


16 

80*7 

50 

9 

121*1 


16 

121*1 

75 

16 

172*1 

0 

*♦7 

210*11 

2*«.63 

*•7 

301 


55 

299 


62 

330 

36.9** 

47 

36 


55 

352 


62 

348 

*«9.26 

47 

439 



433 


55 

433 



461 


62 

417 



454 

0 

24 

164±9 


35 

110*6 


47 

135*4 

136*18 


62 

139*7 

*♦1.0 

24 

303*12 


35 

330*12 

375*27 


47 

380*21 

349*11 


62 

415*11 

82.0 

24 

451*11 


35 

430*9 

450*41 


47 

419*21 

490*16 


62 

422+1C 

10. 0 

24 

543*123 


35 

584*53 

505*14 


47 

561*15 

574*26 


62 

618*12 


A j 
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Ttmptraturt 

tArl 

CNHj] 

CPHj] 

Flash Entrgy 

**obs 

(•K) 

(torn) 

(mtorr) 

(mtorr) 

(J) 

(s#e“b 

363 

5.0 

205 

0 

24 

19211 

158135 





35 

171118 

19613 





47 

216144 




41.0 

35 

28318 





47 

300114 

304111 





62 

29546 




61.6 

35 

38618 

373415 





47 

398444 

35349 

401122 





62 

392113 

38117 




82.1 

35 

434156 





47 

556121 

53716 





62 

546136 

566121 

363 

5.0 

287.3 

0 

47 

19113 

19748 




49.26 

47 

311426 

327426 





62 

32746 




73.89 

47 

504111 

398415 





62 

412135 




110.84 

47 

630439 





62 

663430 

«56 

5.0 

204 

0 

4 

11012 





9 

10412 





16 

10315 




20.5 

9 

225414 





12 

215412 





16 

211415 




40.8 

9 

38349 





12 

38545 





16 

38347 




61.1 

16 

522427 

583423 
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T«np«raturt 

CAr] 

CNHj] 

CPHj] 

Flash Enargy 

K w 
obs 

(*K) 

(torr) 

(ntorr) 

(mtorr) 

(J) 

(aao"S 

*•56 

10.0 

400 

0 

4 

68±8 


9 69±3 



16 

7212 

41.0 

4 

309118 


9 

307H6 

81.9 

16 

321120 

4 

563125 


9 

577110 


16 

538114 

122.4 

4 

863157 


9 

839112 


16 

910124 


0 

4 

6214 


9 

5912 


16 

6414 

33 

4 

26914 


9 

28515 


'6 

33317 

65 

4 

48519 


9 

508146 


16 

516129 

97 

16 

730141 


763±6 


Apptndix XV 



OF POwfJ Qv-'--'' ' 


Th«orttieal Caloulation Qf th« Fraquanoy Faetor for NH 2 * PH^ 


A mod If lad bond anargy-bond ordar (BEBO) - activatad oomplax 
thaory (ACT) ealoulatlon was parformad to provlda a thaoratically 
datarminad valua for tha fraquancy factor for tha matathatical channal of 
reaction (27) in ordar to compare theory with experiment. Tha BEBO 
calculation was parformad to provide tha equilibrium bond distances. Rp^ ( ^ 

and for tha activated complex, NHjPHj, which were used in the ACT I 

calculation. 

99 

Tha Pauling relation: 


(87) R « R 3 - 0.26 In n 

was used to determine the bond distance, R, between two atoms given tha 

ordar, n, of the bond whose length is to be determined if the length of a 

single bond, R , between the two atoms is known. For the present problem, 
s 

R * 1.421x10*® cm and 1.01x10*® cm for the P-H and N-H single bonds, 
s 

100 

respectively. 

The bond orders, n and m, for the N-H and P-H bonds in the 
activated complex formed in the metathetlcal reaction between NHg and PH^ 
will be calculated using (8d) and assuming that the total bond order for 

the N-H and P-H bonds formed is equal to the bond order in the P-H bond 

, 1 .lOI 

broken, namely, one: 


laS) V • E,,:.'’ - E.^a’ 


E, (1/2 e"*'‘*)(1 ♦ 1/2 e"®"'’*) 
os 


.66 
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Rearranging, ( 88 ) baoooias: 


(89) V « E,,(1 - n^) - Ejjd - n)** ♦ £ 3 ,®^" - "^)^tl ♦ B(n ♦ n^)^3 

In ( 88 ) and (89), 1 and 2 art the indices corresponding to the P-H and N-H 
bonds and 3 refers to the N-H-P internediate in H 2 P-H-NH 2 . p and q are the 
eapirical bond energy indices for PH^ and NH^, respectively. If the 
relationship between single order bonds and Lennard-Jones molecules 
is assumed to be linear, then p (and q) may be calculated from ( 90 ) 


(90) p . 

- «.) 


Where R and £ are the single bond length and single bond energy for P-H 

S 3 

in PH^ (or N-H in NH 2 ) and R^ and £^ are the bond length and bond energy 

for the noble gas analog of P-H (or N-H).’°^ 6 ^ is the Morse parameter for 

1 04 

the complex and can be calculated from ( 91 ) • 


(91) flj » (F/2De)^''^ 


ine 

where F » 545 dynes/cm and De, the dissociation energy for N-H-P was 
obtained fron the geometric mean of the N-N and P-? values^^^ of a bond 
energy-bond distance plot, y « O. 26 S 2 end B in (39) is calculated fron 


(92) 5 « 1/2 e“^®^**s^ 
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for AR^ ■ R^^ ♦ R 2 ^ - R^^ may Oa oaloulataO from (93): 

(93) Ej ■ Do ♦ hx 


using the appropriata zaro point anargias, and fraquanoy, v, 

valuas.**® 


Taking }V/tn « 0 and solving for n givas a minimum on tha 

potantial anargy surfaca for raaction (27). With n oalculatad to ba 0.4645 

• • 

and m s 1 - n, aquation (87) givas Rp^ • 1.620 A and R^^ s 1.172 A. 

Using activated complex thaoi';', tha fraquanoy factor, A. of tha 

rata constant for a raaction such as (27) may ba ax pressed as a ratio of 

the partition functions of the complex formed by an intarmadiata whan tha 

when tha two reacting species coma together divided by tha product of the 

109 

partition functions of tha individual reactants: 


(94) A « 


kT 


where qt is tha total partition function for tha intarmadiata given byP^ 


(95) ,* . . . 


.3 


9a 9v S- 


and for NH^ and PH^ tha total partition functions are; 


.^,x3/2 


^ 2 *®(uu } 

(96) q(NH2J « g(NH2) 2 9,(NH2’ 9y(NH2) q^(NH2) 


1 
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(2»m. 

•nd (97) qCPHj) * S^PH^) 3 q^CPH^) q^CPH^) qj.(PH 2 > 


g is the degeneracy of the electronic state and q , q , and q are the 

c V n 

electronic, vibrational, and rotational partition functions. Substituting 
for the constant terms, with g-* = 2, g(NK^) =2, and gCPH^) = 1, and with 
all the electronic partition functions equal to unity since all species 
are in their ground electronic states, reduces (94) to: 


(98) A s 3.0902x10~^^ Q„Q_ cm^ molec“”'sec*’deg’''^ 
^1/2 ^ " 


where the rotational and vibrational partition functions are consolidated 
using; Q s q#/q(NH^)q(PH 2 ). 

The combined rotational partition function may be evaluated 


(99) Q„ = 


,-1/2 ,3 


(8 At) 


^3/2 




(III )^^^(I I I )^^^ 
1 2 3 NH 2 1 2 3 PHj 


vdiere 0 represents the number of discrete positions a molecule can assume 
about its principle symmetry axis and I^, l^, and are the principle 
moments of inertia, ana can be evaluated using: 


(100) = 


1 I 

-•^11 

-in 

a X 

lit 

-In 

1 1 


I » j 


wners the larjer subscripts refer to a coorainate system whose origin is 
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•t the center of mass of the molecule and the smaller subscripts on the 
moments and products cf inertia refer to any general set of coordinates. 
The principle moments (diagonals) can be evaluated using: 


ORicmi p: :- 

OF POOR QUALITY 


2 2 

(102) I 8 I m (X* ♦ z' ) 

»* 1 i i i 


2 2 

(103) I 8 I m (X' ♦ y' ) 

** 1 i i i 


2 2 

(101) I 8 I m ( 2 * ♦ y' ) 

“ i i i i 


and the off-diagonal terms are the products of inertia: 


(104) I 8 I = I m' x' y' 
i i i i 


(105) I 8 I 8 I m* x' y* 
** “ i i i i 


(106) I 8 I 8 I Bj' X* y' 

*• ** i i i i 

The coordinates of the four atoms of are evaluated using Fig. 

O 

22. a., (all bond distances are in A) the P-H calculated bond distance of 

e 

1.421 A, and the H-P-H bond angle of 93.3*. The coordinates are first 
evaluated using an arbitrary coordinate system with P at the origin. Then, 
the center of mass (x, y, z) coordinates are determined and are: 






• ( 0. 1.1932, -0.7442) 

Hg s ( 1.0333. -0.5966, -0.7442) 

s (-1.0333, -0.5996, -0.7442) 

P s ( 0. 0. 0.0720) 

Using equations (101 )-(106) where, incidentally in this case (104)-(106) 
are zero, the principle manents are evaluated and 

I, s 7.0923x10"**° g cm^ nolec"^ 

Ig s 6.5719x10"**° g cm^ molec"^ 

-40 2 -1 

s 6.5722x10 g cm^ molec 

and for PH^ * 1.7502x10"^^ g^^^ cm^ molec"^''^. 

1 /2 

In a similar fashion, for NH^ may be evaluated using 

Fig. 22. b. The NH2 center of mass coordinates are: 

N = (0, 0, 0.0793) 

H;, = (0. 0.8036. -0.5554) 

s (0, -0.8036, -0.5554) 

and (1^1213)*^^ for NHg s 2.8852x10"^° g^^^ cm^ molec"^''^. 

1 /2 

The evaluation of (1,1213) for the complex requires a somewhat 

0 

more difficult calculation using Fig. 23. a (all distances in A). The 
complex is first assumed to form with N, P, and colinear. A new set of 




ii ■* 


OF POOR 


I 


Figure 23 




17M 


center of ness coordinates must be evaluated for each of the atoms. Tnese 
are: 


s ( 0, -0.68M9, 

P = ( 0. 0.9351, 

N a ( 0, -1.8569, 

Hg » ( 1.0333. 1.0169, 

s (-1.0333. 1.0169. 

s ( 0.8036, -2.1699, 
Hg s (-0.8036, -2.1699, 


0 . 0168 ) 

0.0168) 

0.0168) 

-0.9552) 

-0.9552) 

0.5689) 

0.5689) 


The moments are calculated using (101)-(106) and I^, and are 
evaluated using (100) to give: 




♦1/2 


4.6133x10"^® g®'^^ cm^ molec”®'^^. 


can now be determined using the quantities calculated to give: 

Qjl a 7905.54 

i 

i 

I 

Two of the vibrations of the complex are internal rotations and } 

the partition functions for each may be evaluated using: 


1107) Q. . 

h 


113 


following the approximation method described by Johnston where may 


be evaluate using: 
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'NH3-PH2* 


I NH PH 

yy •* yy 


- NH* j 

yy ^ * yy 


PH- 


A sinilar calculation may ba performed for the analog, I 


NHg-PH^- 


lyy for MH 2 and PH^ have already been evaluated and 1^^ for NH^ 
and PH^ are evaluated using analogous figures to Figs. 22. a. and 22. b. to 
determine the values: 


s 2.8266xl0“^*^g cm^molec”^ and 1^^^ a 6.5121 g cm^molec”! 

Inserting these values into equations (108) and (107) in turn gives: 

Qj(NH 2 -PH 2 ) = .3921 and Q^(NH 2 -PH 2 ) = .4146 

These values may be Incorporated into ( 98 ) to give: 

(109)' A a 3.9715x10"^ T“’ 0* 

where contains the vibrational modes not accounted for by internal 
rotations. 

In the preceding treatment, the partition functions for the linear 
complex were evaluated. A second calculation was performed in which was 
displaced in the z direction so that the complex was tighter (Fig 23. b.). 
In effect, the NH^ and PH 2 were rotated so that a closer approach would be 
acnieved. An identical calculation to the preceding ACT was carried out 
and A fcr the bent complex was aeterained to be: 
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(110) A S 1.9953x10“® T“’ Q« 


Q* could not b« evtluatod bocaus* no spectrosooplo data wara 
avallabla for tha cooplax, howavar tha partition function for aach 
vibration should ba olosa to 1. 
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